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PREFACE 

In the present volume, the first to be issued under our joint editorship, 
we have continued the policy of earlier volumes, of choosing a few 
subjects from the diverse fields of work in which physical or physico- 
chemical ideas and methods are being applied to biological problems. 
In this volume we are able, for the first time, to include articles on the 
use of isotopes to investigate metabolic processes. Other subjects dis- 
cussed in detail are: the electric organs of fishes, the thermodynamics 
of agglutination of red cells, muscle structure and function, photo- 
synthesis, and the structure of bone. 

Considering the variety of the topics which come within our field, 
there has been, with each volume, a temptation to try to recast and 
limit the definition of what should be covered under the heading of 
‘Biophysics and Biophysical Chemistry.”’ We have had a good many 
discussions on this point and have come to the conclusion that, as 
biophysics is a many-sided discipline, no useful purpose is served by 
excluding matters which appear to be almost solely of physicochemical 


or physiological interest at the present time. 

We shall continue, therefore, to apply a liberal interpretation to the 
limits of our field and try to maintain a reasonable balance between its 
various aspects. Many subjects, perhaps predominantly biochemical, 
are clearly of importance to “physiological” biophysicists, as well as to 
physicists and physical chemists working with biological materials, 


and this will be increasingly the case as the study of physiological 
mechanisms approaches the molecular level. However, we do not wish 
to enter very far into the biochemical field and propose to confine such 
articles to topies which are closely related to the main lines of bio- 
physical interest, or in which biophysical methods of investigation have 
been extensively applied. 

It has also been suggested that the selection of subjects in any one 
volume should be restricted to one particular aspect of the field. 
However, we have come to the conclusion that this would make more 
acute the problems of segregation and of timing and would probably 
lead to an undesirable degree of specialization of the individual articles. 
After all, what really matters to the editors is the timeliness of any 
particular subject coming up for review and the willingness of a 
competent author to write it. These are in practice more important 
limitations than any which the editors would impose by dissecting the 
wide field which they attempt to cover. 

Thanks are again due to our contributors for fulfilling their assign- 
ments in good time and for their readiness to comply with our 
suggestions as to the lay-out of their articles. 

J. A. V. BUTLER 
London, 3 December, 1956 B. Katz 
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I. INTRODUCTION 


Ln that part of his Commentary which is entitled *‘Conjectures and some 
conclusions’ GALVANI (1791) wrote, ‘“This one thing seems particularly 
proper and peculiar of the Torpedo and cognate animals that at their 
will and pleasure they can direct electricity outside the skin, and expel 
it so that it completes its circulation outside the body, and with 
quantity and force. ... But perhaps in animals of this class this 
indicates more abundant quantity and force, not really a different 
nature; and perhaps some time, devices can be found whereby effects 
of this sort can be obtained in other animals also.’ This conjecture, 
shared by many others, as well as a more general curiosity about their 
“peculiar force,’ impelled many studies of electric fishes. Another of 
GALVANI's conjectures was proved as correct as the first: “. . . electric 
circulations of this sort, discovered and described by us in other 
animals, not only their strength and relations but also their ways and 
instrument, perhaps will be able to shed some light on the same circu- 
lation in the T'orpedo and cognate animals.’ A long series of electro 
physiological investigations of nerve and muscle did eventually serve 
to explain the discharge of the electric fishes (BERNSTEIN, 1912: 
. Keynes and Martins-Ferrerra, 1953; ALTAMIRANO ef al., 1953 and 
1955a), in terms of a common mechanism of electrogenic action 
(BERNSTEIN, 1902; Overton, 1902: Hop@xkrn and Karz, 1949: 
Hopa@kin and Huxtey, 1952). 

Nevertheless, another of GALVANI’s conjectures also proved right, if 
one disregards his primitive idea of an electric fluid between muscle 
and nerve: “. . . from more diligent discussion and observation of 
these animal (i.e. electric) organs which are fitted for this function, 
these forms will be able to receive light. The instruments (i.e. mechan- 
isms) perhaps will be similar, and the terminals of the electric circuit, 
namely muscles and nerves, the same.’ Recent studies of innervated 
preparations of electric organs studied either as groups of cells 
(ALTAMIRANO et al., 1953) or as individual unit complexes (ALTAMIRANO 
et al., 1955a: Brock et al., 1953b) have disclosed new information. In 
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correlation with other work on electric organs (e.g. ALBE-FESSARD 
et al., 1951: ALBE-FESSARD and CHaGas, 1954, 1955a,b; CHAGAS and 
ALBE-FEssarp, 1954): on the nerve-muscle complex (Farr and Katz, 
1951: pet Casritto and Karz, 1954b): and on central nervous 
synapses (e.g. Brock ef al., 1952, 1953a: CoomBs ef al., 1955b,c,d; 
Eccues ef al., 1954), they have provided a general view of the mode of 
synaptic transmission which will form the framework of this chapter. 
Comparative data on other electrogenic systems will be included 
briefly in this account of ihe discharge of electric organs" to illustrate 
the essential similarity of properties and mechanisms of these various 
excitable tissues. Some interpretations and predictions (GRUNDFEST, 
1956a,b,c), several already confirmed by new findings (Kao and 
GRUNDFEST, 1955, 1956; PurpuRA and GruNDFEST, 1956a,c; GRUND- 
FEST and Purpura, 1956) will be indicated. 

The point of departure is a fundamental differentiation of post- 
junctional excitable membrane (i.e. that which is associated in synaptic 
action with a nerve supply to produce an electrical response), and 
nonjunctional excitable membrane. While neurohumoral excitation of 
the former is widely admitted, evidence (some of which will be pre- 
sented) indicates that, in all cases thus far accessible to study, the 
postjunctional (or postsynaptic) membrane differs fundamentally from 
the nonjunctional in that it is not excitable by applied electrical 
stimulation nor by local circuit depolarization (cf. GRUNDFEST, 1956a). 
Therefore, transmission of synaptic action is obligatorily through 
neurohumoral excitation of this membrane. Also, the postsynaptic 
membrane is not at all, or relatively little, affected by the subsequent 
electrical changes caused by the spikes of the nonsynaptic component, 
or by fields generated by activity of other cells. 

Furthermore, whereas the electrically excitable membrane is capable 
of electrogenic processes which result in either graded or all-or-nothing 
responses, the postsynaptic has different electrogenic processes always 
capable of responding gradedly. The eel electroplaque is endowed 
with both electrically and synaptically excitable types of membrane, 
the electrical properties of each, however, being distinct. The elec- 
trically excitable membrane of the electroplaque also reveals, and more 
easily than do the similar membranes of other cells, under appropriate 
conditions, entirely graded or all-or-nothing responsiveness. Although 
comparable studies of other electric organs are not yet available, the 
evidence at hand indicates that the best known of these probably 
possess only synaptically activated membranes which are not electri- 

rally excitable. 

In summary, this review attempts to evaluate the electrophysiology 

‘) T am indebted to Dr. R. D. Keynes for a manuscript copy of his succinet account 
of electric fishes prior to its publication (1956). 
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of the fish electric organs in the contexts of general and comparative 
electrophysiology. However, the reader must be warned that the 
approach is more radical than is generally accepted. A recent review 
of chemical transmission, by a leading proponent of that view, opened 
with the remark: “In considering the mechanism of central and sen- 
sory transmission we are faced with the problem that, whatever our 
bias, we cannot state with certainty whether the transmission is 
chemical or electrical” (FELDBERG, 1954, p. 85). Nevertheless, it is the 
present writer’s view that considerable data have already become 
available to show the existence of two major classes of electrogenic 
mechanisms. One, residing in electrically excitable membrane, appears 
to be adapted to conductile activity and is found in tissues pre- 
dominantly of this function—axons, and muscle fibres. The other 
resides in membrane which is not electrically excitable, but which 
responds electrogenically to specific adequate stimuli—chemical, 
mechanical, photic, or thermal. It appears functionally in cells or 
regions of cells in which the electrogenesis is graded with the intensity 
of an external stimulus and is associated with sense organs or junctions 
between cells. In most of the tissues this electrically inexcitable, 
electrogenic membrane is closely associated with conductile, electrically 
excitable membrane, and the electrogenesis of the former is capable of 
initiating responses in the latter. The evidence for this general 


hypothesis will be indicated below. 


Il. HisrortcaL® 
The peculiar ability of electric fishes to produce sensations unpleasant 
or painful to a person who holds them was known to antiquity in the 


2) General references will be given here to the older work, and detailed citations of 
that literature omitted: (i) Du Borts-ReymMonp (1881), gathered the material of his 
gifted student CARL Sacus, whom he had sent in 1876 to study Electrophorus on the site 
in Venezuela where HumsBotpt had reported in 1799 the “‘battle between horses and 
eels” (cf. Du Bois-ReEyMonpD, 1881, p. 88). Working under field conditions Sacus made 
a number of important discoveries, such as: the large-celled organ which now bears his 
name; the electric organ of Eigenmannia (Sternopygus) virescens; and the differences 
between direct and indirect excitability of the eel electric organ (facilitation, fatigu- 
ability and susceptibility to curare of the neurally evoked response). The latter observa- 
tions, confirmed in modern days (ALBE-FEssARD et al., 195la,b; CHAGAS and 
ALBE-FEssarp, 1954; ALTAMIRANO et al., 1953, 1955a,b) puzzled older workers who had 
gathered most of their data on the T'orpedines, the skates, and Malapterurus. The notes 
which Sacus left behind on his death at 25, in a mountaineering accident, were ampli- 
fied by his famous teacher who included historical and comparative introductions to 
each phase of the work, and summarizing interpretations. Two appendixes by FRitscH 
give a summary of the latter’s anatomical studies. (ii) Although BIEDERMANN never 
worked with electric fishes, the chapter on these in his classic Elektrophysiologie (1895) 
is an admirable summary, chiefly based on Du Bois-REyMonD, but also including newer 
data. (iii) GorcH (1900) gave an account in English. (iv) GARTEN (1910), (v) BERNSTEIN 
(1912) and (vi) RosENBERG (1928), in publications which are readily available, sum- 
marized the progress of the field, with copious references. Other aspects will be found 
in CRANE (1950) and Keynes (1956). The anatomy of the organs is discussed in the 
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exemplars of the Mediterranean Torpedines and the Nile catfish, 
Malapterurus electricus. Their power to repel aggressors or to stun 
prey was also known. An Arab physician, ABp-ALLATIF (cf. BALLO- 
Wi1Tz, 1899, p. 6) described with remarkable accuracy the effects pro- 
duced on himself when touching a discharging Malapterurus. He 
reported that fishermen also felt these effects on handling only the net 
containing the fish, effects which disappeared when the fish died. The 
Jesuit Father, Gopiano, in the seventeenth century, noted that a live 
Malapterurus thrown amongst a lot of recently dead fish caused the 
latter to move, as though brought back to life. This may be regarded 
as probably the first, although unconscious, example of electrophysio- 
logical experiments. Yet the anatomical basis of these properties was 
not sought until the investigations of Francesco Repi in 1666. He 
described in Torpedo two crescent-shaped bodies which he inferred to 
be of muscular origin and in which the force of the effects seemed to be 
concentrated. The nature of this force was elegantly, logically, but 
incorrectly specified by BorEtui (1685), an important pioneer in the 
development of mechanics. He supposed that these organs, as muscles, 
contracted at high rates, the blows resulting from these when the animal 
was touched giving rise to unpleasant sensations as does a blow on the 
elbow. This explanation seemed adequate to HALLER, LiInNAxEUS and 
REAMUR, as late as 1750, since knowledge of forces other than mechani- 
cal was absent. However, only a few years after the discovery of the 
Leyden jar a Dutch administrator-naturalist (s‘;GRAVESANDE) and a 
French botanist (ADANSON) suggested that the organs acted as 
generators of electric discharges. WiLLIAMSON (1773), WALSH (1775) 
and CAVENDISH (1776) demonstrated that in many of their properties 
the discharges behaved like electricity, and that an electric discharge 
could mimic the stimulating effects of the organ. JoHn HUNTER 
(1775) gave a thorough anatomical “‘account of the Gymnotus elec- 
tricus.”’ GiRARDI published in 1786 anatomical work on the “organi 
ellettrici della Torpedine.”” SPALLANZANI, using the electrophore, 
showed that during a discharge the dorsum of T'orpedo becomes 
positive relative to its ventral surface. Voura, on developing his 
“pile,” proposed that it be called an artificial electric organ. Never- 


above and also by Batiowrrz (1938), and by Covucrerro and AKERMAN (1948). 
BALLOw11z (1899) lists 299 references on electric fishes published up to that time. 

‘8) Vora apparently had his tongue in cheek placing his electric machine on a par 
with the electric organ. It will be recalled that Voura correctly disputed GALVANI’s 
claim to have demonstrated a flow of electricity pre-existing between nerve and muscle 
and set into motion by touching the two with a metallic (or bimetallic) are. Vora 
showed that GALVANI was dealing with electricity generated at the metallic contacts 
with the electrolytes and stimulating the tissues. He was even the first to observe the 
different excitatory effects of cathode and anode, in 1791. Vowura’s chief aim from then 
on was to prove that the electricity was generated in nonliving systems. Despite 
GALVANT’s later demonstration of the rheoscopic preparation in which excitation took 
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theless Davy, in 1828, questioned the bioelectric nature of the organ’s 
activity, and Farapay (1844), applying the powerful new physical 
tools to the study of the most powerful of the electric organs—that of 
the South American electric eel—could not completely satisfy his 
eight criteria of action describing electrical phenomena. In a communi- 
cation to FARADAY, who remained unconvinced, Du Borts-REYMOND 
(1881, p. 160) pointed out that the different electrical circuit properties 
of Galvanic batteries, Leyden jar arrays, and electric organs, could 
account for their different effects. It was not until Du Bots-REYMOND 
(1848) showed that nerve and muscle were truly electrogenic, that the 
bioelectric nature of the discharge was accepted. The last half of the 
nineteenth century then brought forth a rich harvest of anatomical 
and physiological data by many workers. 


It]. SrructurRE or Evecrric ORGANS 

Ill. 1. Electroplaques 

Practically all our knowledge of the embryology and morphology of the 
electric organs derives from the second half of the nineteenth century 
(cf. Gorcu, 1900; GarTEN, 1910; RosenBeERG, 1928). The organs are 
composed of ordered complexes of individual cells (Fig. 1), each rather 
richly supplied with nerve fibres. The latter make contact with only 
one of the external surfaces of the electroplaques (or electroplates) 
(Fig. 2), but in some forms (e.g. T’orpedo, Raia) the innervation is more 
dense than in others (e.g. Electrophorus). The electroplaques of all 
known forms except Malapterurus derive from muscle fibres, but in 
that fish they probably originate from secretory cells in the skin. The 
structure of the individual cells is essentially similar in all forms (Fig. 
3). The electroplaque is located in a compartment, the protoplasmic 
portion of which occupies sometimes only part, but sometimes most of 
the space. The remainder is filled with a rather transparent, gelatinous 
material, blood vessels and nerve fibres. The innervated face of the 
electroplaque usually is digitated in structure, but not nearly as much 
as the rest. Some cytological differentiations exist between the inner- 
vated and noninnervated faces of the cells, but the significance of 
these differences is obscure. 


place without metals, by what we now know as the demarcation current of bioelectric 
activity, VoLTA’s incomparably greater scientific acumen and rigour won the day. The 
demonstration of an electric generator composed of metals and salts therefore appeared 
to be the final triumph in Vouta’s controversy with GALVANI. Although VOLTA never 
satisfactorily explained in terms of his “‘pile” the origin of electric discharges of fish, 
the study of animal electricity, including that of the electric fishes, nevertheless lagged 
until Du Bors-REymonp gave electrophysiology a scientific methodology and interesting 
data. 

‘4) Electron-microscopie work in this laboratory (P. BERNSTEIN, unpublished) has 
failed to disclose conspicuous differences between the membranes of the eel electro- 
plaque at these different surfaces, despite the profound functional differences which will 
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Fig. 1. A prism of electroplaques from Torpedo. The organ is so tightly packed 

that the cells assume a roughly hexagonal shape. Each electroplaque is inner- 

vated at its ventral surface by six nerve bundles which enter the cell at the 

corners. The arrangement of the organ and its innervation are shown in Fig. 4. 
(From BIEDERMANN, 1895, after FRiTscH.) 
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Fig. 2. Diagram of the arrangement of electroplaques in Electrophorus. The 

caudal faces of the cells are innervated from segmental nerve trunks. At least 

3 trunks supply each cell of the Sachs organ (as in Fig. 22). On the left is 

shown a row of cells arrayed for series summation of voltages. On the right are 

shown 3 cells of a column. These discharge in parallel. (From ALTAMIRANO 
et al., 1953.) 





er P is surrounded 


Fig. 3. An electroplaque from Raia. The cell 


gelatinous mass G. This electroplaque is innervate d at anterior surface 


The caudal surface HR is highly digitated. The interior J has some fine 
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ture, but this is as yet poorly understood. (From 
BALLOWITZ. 
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Fig. 4. Arrangement of electric organs in ELlectrophorus (A, B), Torpedo (C, D 
Malapte rurus (2). In the eel, the electric organs occupy 
The main organ (shaded in 4 


and 
most of the length of the fish. 
. marked # in B) is the largest. The 
rectangles in A, marked nF in B&B) begins above ° ‘cells com 


prise the caudal portion. The Hunter organ lies below, separated from the 
connective and fatty tissue. In Torpedo the 


Sachs organ (clear 
» the main organ, and its large 

rest by 
bilateral organ (O) is composed of stacks 
of electroplaques packed tightly together. Their dorsoventral 
upper surface of the fish positive during discharge. The 
shown in C 


orientation makes the 
» innervation of the right side 

, arising from one of the two electric lobes of the brain. The electric organ 
of Malapterurus (O) lies within the skin (H). The single axon innervating all the cells of 
one haif the fish runs along with the 


Is 


blood vessels to the skin. (From various sources. ) 





FSC EC JH 


The shaded ante ‘rior portion of the 
fish shows the location of its eles corgan, B 


elow, /eft, is a diagrammatic cross- 
section of the fish showing the organ (/O) lying within the skin (#7), separated 


from the muscle (.V/) by various lavers of connective tissue. S and S, are septa 


separating the organs of the two sides. Right: The thin electroplaques which 
comprise the electric organ are seen in coronal section. From BALLOWITZ 


IS99, 


Fig. 6. Innervation of a Torpedo electroplaque. The terminal 

arborizations and thickenings of the nerve fibre shown, and of 

others, appear to occupy most of the innervated face of the cell, 

which is the ventral in this fish. (From Rosensera, 1928, after 
BALLOWITZ.) 
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III. 2. Organization 

The gross structure of the organs into which the electroplaques are 
assembled differs in the various fishes. In T’orpedo the cells are stacked 
vertically like a column of coins. These dorso-ventral columns (Fig. 4), 
replacing muscle of the non-electrical relatives of the fishes, are packed 
so closely that their cells assume roughly hexagonal shapes. In 
Electrophorus and Raia the electroplaques are essentially rectangular, 
with their long axis more or less at right angles to the spinal cord 
(Fig. 2). The arrays of these cells, stacked both dorso-ventrally and 
rostro-caudally, are agglomerated in Electrophorus into three well-defined 
bilateral organs, occupying most of the length of the fish (Fig. 4). The 
linear density of the electroplaque population is highest rostrally, 
declining from a maximum of about 10/mm in the main organ to about 
1/mm or less in the caudal portion of the hindmost organ (that of 
Sacus). The other fishes, with the exception of Malapterurus,) con- 
form more or less closely to one or the other of these patterns. In the 
latter named (Fig. 5) roughly lozenge-shaped compartments lie packed 
within the thickened skin. Discs within these compartments are 
probably the electroplaques. Almost 5 millions of these, arrayed in 
about 3000 stacks of 1600 each, are said to comprise this organ. 


Ill. 3. Innervation and central control mechanisms 


The innervation of the electric organs also varies with the different 


fishes. Malapterurus has two giant cells, bilaterally located in the 
medulla. The single axon of each is said to innervate all the electro- 
plaques of one side, dividing in the process so much that the sum of the 
areas of the chief compartmental branches alone is about 350,000 times 
the area of the fibre when it leaves the cell.‘® In Torpedo, four nerve 


be described below. CouTEAux (1955) mentions unpublished electron-microscopic 
work on Torpedo electroplaques. Cholinesterase is largely concentrated at the inner- 
vated surface of the eel electroplaque (CoucErRo ef al., 1955a). Preliminary anatomical 
studies of Sternarchus albifrons (CoucEIRO et al., 1955b) indicate electric organs composed 
of cylinders (electrotubes) in which the electrogenic structures form rings spaced along 
the length. However, another of the continuously emitting Gymnotids, Kigenmannia 
virescens, has long, narrow compartments, rostro-caudally oriented with their proto- 
plasmic portions confined to the posterior ends (unpublished data). Sacus (cf. Du 
Bois-REYMOND, 1881, p. 69) described these long cells, although not their detailed 
structure. Joined as they are end to end, these cells might give the appearance of tubes. 

‘) Battowirz (1899) considers that Malopterurus is more correct etymologically. 
This spelling is frequently found in older literature. The exceptional origin of the electric 
organ of this fish and, as will be noted frequently below, the exceptions in some of its 
properties, make it all the more regrettable that work on this form almost completely 
stopped with the last century, despite its importance, which BALLowrrz (1899) pointed 
out. 

‘6) The possible implications of this extreme branching for theories of excitation and 
propagation in nerve may be far reaching, but have not been studied. The axon, although 
only about 8-10 yw in diameter, conducts at about 40 m.p.s. at 12°C (Gorcn, 1900). 
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trunks emerge from each of the pair of electrical lobes behind the 
cerebellum (Fig. 4). Their distribution to the electroplaques of a column 
is shown in Fig. 1, and an appreciation of the density of their synaptic 
contacts with the innervated surface of the electroplaque may be 
derived from Fig. 6. In Electrophorus, however, several hundred nerve 
trunks emerge bilaterally from the spinal cord, their cells of origin being 
distributed along the length of the latter. The efferent cells controlling 
the discharge in all electric fishes are rather large (CoucErRO and 
FESSARD, 1953), though not as big as those of Malapterurus (200 y). 
The efferent neurons of the spinal cord of the eel are controlled in turn 
by a large-celled nuclear mass in the medulla. 


IV. PHysroLoGicaAL CHARACTERISTICS OF THE RESPONSES IN 
DIFFERENT ELECTRIC ORGANS 

IV. 1. Polarization of the discharge 
Pacint, about 1853, formulated the rule that the discharge of electric 
fishes is so directed as to make the innervated surface of the electro- 
plaque negative. This holds true for all the fishes except Malapterurus 
(Fig. 7). In the 7'orpedines the ventral surfaces of the dorso-ventrally 
stacked cells are innervated, and the dorsum of the fish becomes 
positive. The innervation is of the dorsal surfaces in Astroscopus and 
the ventral surface becomes positive. In some of the Gymnotids, 
including Electrophorus, and in the Mormyrids, the innervated faces are 
caudal, the. head end becoming positive during the discharge. The 
innervation of Raia electroplaques is the reverse of this, the caudal end 
becoming positive. Only in Malapterurus is PAcINt’s rule broken. The 
electroplaques are innervated at their caudal surfaces, but the tail end 
is also positive during the discharge. 
IV. 2. Voltage on discharge 
The maximum voltages of the discharges when the different species of 
fishes are stimulated also vary. The fresh water Hlectrophorus develops 


7) Some of the properties of nervous-control mechanisms in Electrophorus have been 
studied by ALBE-FEssARD (1954), with Marrins-Ferrerra (1951, 1953) and with 
Cuacas and Covucerro (1954) and also by Coucerro and Frssarp (1953, 1955). Mul- 
tiple innervation of the same electroplaque of the Sachs organ was described by 
ALTAMIRANO et al. (1953) ALBE-FESSARD has also studied the central control mechanisms 
in Torpedo (1951b, 1952) with BusEerR (1953) and with Szaso (1954). The latter (SzaBo, 
1955) has demonstrated a bulbar nucleus in Raia which initiates reflex activity. Both 
in Raia and in Electrophorus higher cerebral levels seem to exert inhibitory actions on 
the nuclei of central command since sections of the brain stem in both just rostral to 
the command nucleus causes enhanced excitability (CoucErRo and Frssarp, 1955; 
Szaso, 1955). 

‘8) The literature is replete with references to different discharge voltages in small or 
large fish of the same species (cf. EILENFELD, 1926; RosENBERG, 1928, p. 878). It 
seems to be well established (delle Chiaie-Babuchin rule, ef. Du Bots-ReymMonp, 1881, 
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the highest voltage (maximal recorded 866 V, cf. EMLENFELD, 1926: 
ROSENBERG, 1928, p. 878), but in other Gymnotids the discharge is less 
than | volt (Coarss et al., 1954). The fresh water Malapterurus and the 


> 


Gymnotus electricus 


om 


Malopterurus 


Mormyrus 


Fig. 7. The directional flow of current in different electric fishes. The arrows 
give the flow in the animal. Their heads therefore indicate the positive pole as 
measured externally. (From GARTEN, 1910.) 


p. 31) that the cells of the electric organ are preformed and that their number remains 
constant during growth of the animal. Unless this is found wrong, the e.m.f. of the organs 
might be expected to remain constant, provided all their cells are always functional. 
Smaller recorded voltages would then have to be explained by greater relative short- 
circuiting of the generated e.m.f. by the body and external fluid. On the other hand, 
it is also possible that in younger fish some or many of the electroplaques are not func- 
tionally innervated. Another difficulty in interpreting the voltages recorded during the 
discharges of the fish stems from their apparent deterioration. This was not observed 
for Electrophorus, the electroplaques of fish which were kept in the laboratory for more 
than one year giving the same responses as those of the recently caught (ALTAMIRANO, 
1955; ALTAMIRANO, et al., 1955a), but it may be a more prominent factor in other forms 
(cf. ROSENBERG, 1928, p. 879), perhaps operating through a failure of innervation. On 
the other hand, Exuis (1913) showed that the Gymnotids are capable of regenerating 
lost portions of the body behind the anal region. This might suggest that the delle 
Chiaie-Babuchin rule needs re-examination. 
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sea dwelling 7’. occidentalis develop maximal discharges recorded as 
about 350 V and 220 V respectively. Other T'orpedines (7T'. marmorata 
and Narcine brasilensis) have yielded only some 40 to 50 volts, as has 
the teleost Astroscopus. Raia and the Mormyrids as well as the afore- 
mentioned Gymnotids have only weak discharges (cf., Keynes, 1956). 

The voltage is a function of the number of electroplaques stacked in a 
column. In Electrophorus the variation of linear density of the electro- 
plaque array has permitted a direct correlation between the number of 
cells per unit length and the voltage developed in the discharge of that 
length of the organ (Cox et al., 1945). 


IV. 3. Number and frequency of discharges in the reflex response 

The number of the naturally evoked discharges also varies. Particularly 
those fishes capable of strong discharges are electrically silent except 
when stimulated. Then, the activity comprises a brief train (Fig. 8) 
at frequencies which vary, but may reach about 200/sec. (cf. FEssarp, 
1947). This reflexly evoked response is subject to fatigue after some 
hundreds or thousands of discharges. Some of the Gymnotids, Mormy- 
rids and others (LIisSMANN, 1951: Coates, ef al., 1954; CoucErRo 
et al., 1955b) emit pulses continuously and at remarkably regular 
frequencies (Fig. 9). This is under control of their nervous system, as 
is shown by the fact that cooling only the head slows the discharge 
frequency of the organ (Coates et al., 1954). The eel, electrically 
silent when quiescent, also emits regular, relatively low-voltage pulses 
when cruising or hunting (cf. Keynes, 1956). 


IV. 4. Central control mechanisms 
The discharge of the craniad and caudad portions of the electric organ 
of Electrophorus occurs so nearly simultaneously as to have led to the 
conclusion (Coates ef al., 1940; ef. also Frssarp, 1947) that the 
spread of the neural stimulus in the spinal cord developed at extra- 
ordinarily high conduction velocities of 1000 m.p.s. or even more. A 
more reasonable explanation has now been obtained along the lines 
suggested by Frssarp (1947). The midline nucleus of the central 
control located in the brain stem of the fish (CoucErRO and FrEssarp, 
1953) send impulses down the spinal cord with normal conduction 
rates. These impulses in turn relay to the large efferent spinal cells, 
but the synaptic delay of the relay is high at the rostral regions, and 
shortens progressively for the more caudal relays (ALBE-FESSARD and 
MARTINS-FERREIRA, 1951, 1953; ALBE-FessARD, 1954). This com- 
pensatory mechanism helps to account, at least in part, for the eventual 
synchronization of the discharge. A second mechanism is the effect of 
‘*) With similar experiments GARTEN (1910) had shown that the train of discharges 
reflexly elicited from Malapterurus was controlled from the brain. 
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current flows from discharging cells, which can enhance somewhat the 
excitability of other, as yet undischarged, cells.1® A delay mechanism 
is probably also operative in J'orpedo (ALBE-FESSARD, 1951b, 1952; 




















| | } 20 Volt 


4 4 ywe we yewweees 4 

6.40 20 30 400 

Fig. 8. Reflexly evoked discharges. A, Hlectrophorus; B, Torpedo; G, Malap- 
terurus. In the first, a train is usually prefaced by a small discharge, probably 
representing chiefly a first, incomplete response of the main organ to the 
neural stimulus. The electroplaques excited by the first volley then probably 
respond maximally to subsequent stimuli. Although these records were made by 





CREMER with a galvanometer, using a heavy string, they are remarkably 
accurate, judging from the responses of Electrophorus and Torpedo obtained 
later with the cathode ray oscillograph, except that the undershoot in C was 
probably caused by the under-damped string as seen in the 20-volt 
calibration. (A, B from ROSENBERG, 1928; C, from GARTEN, 1910.) 


cf. below), but Malapterurus, with its single axon dividing on its course 
from head to tail, presents an interesting puzzle, for the responses of the 
cells in this fish also appear to be well synchronized (Fig. 8). 

The knife-fishes present an interesting range of variation in central 
controls.) Most of the species thus far examined emit pulses very 

{0 This mechanism will be discussed below. 

{) Unpublished experiment in this laboratory with A. Mauro and E, AMATNIEK. 
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Fig. 9. Varieties of discharge in Gymnotidae. All experiments at room tem- 
perature ca 22°C. Negativity of the active electrode recorded as a downward 
deflection. A. Adontosternarchus sachsii, discharging at a rate of almost 
900/sec, emits relatively simple pulses, predominantly negative at the tail. 
Time I msec. B. Sternarchus albifrons, discharge rate about 840 impulses/sec. 


The complex waveform is shown by the change in the different components at 
Upper set: The probe electrode and a reference standard 
(low gain) were both close to each other and at the tip of the tail. The third 


beam records the zero potential of the probe electrode. The probe was then 
The positive component 


3 recording sites. 


moved several millimetres forward (middle set). 
decreased much more than did the negative. Another displacement of the 
probe led to the phase changes seen in the lowest set of records. Time 1 msec. 
C. Eigenmannia virescens. Frequency about 280/sec. Simple pulse, tail nega- 
tive during discharge. A very strong electric shock caused the fish to struggle 
violently. This is reflected in the amplitude changes of the second record. 
However, the frequency of the discharges remained the same. Time 10 msec. 
D. Unidentified specimen (probably Hypopomus artedi) discharging tail- 
positive spikes at 2/sec. A tap on the aquarium wall caused the burst seen in 
the lower record, the frequency rising to about 10/sec, but slowing after a 
few discharges. Time 100 msec. E. Gymnotus carapo. Continuous record 
from above down, at about 25 sweeps/sec. The fish discharged diphasic spikes 
at about 50/sec. One of the pulses triggered the sweep and is seen at the 
beginning of each trace. A second appeared slightly before the end of the 
sweep, which lasted about 20 msec. The third again triggered the sweep, etc. 
The regularity of the discharge is fairly high as seen from the time of appear- 
ance of the second pulse on the sweep and from the spacing between two 
successive traces on the moving film. At the 12th sweep a gentle tap on the 
aquarium wall caused the discharge rate to increase, shown by the earlier onset 
of the second pulse and by the closer spacing of the traces. The return toward 
the initial rate was at first rapid, then slow. At the last trace shown, the rate 
was still about 5 per cent higher than before the stimulus. Time in milliseconds. 
(Data from unpublished work with Mr. E. AMaTNreK and Dr. A. Mauro.) 
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regularly and at frequencies ranging from about 1000/sec. (Adonto- 
sternarchus sachsi) to about 250/sec. (EL. Virescens). Although this 
rate is centrally controlled (Coarss, ef al., 1954), nevertheless it is 
independent of even violent movements caused by stimulation of the 
fish (Fig. 9). However, several species emit at low rates (ca. 2/sec.), 
and the frequencies of these discharges are temporarily increased when 
the fish is stimulated (Fig. 9). The rate of discharge, its form, and the 
degree of nervous control exerted, appear to be species specific. 


IV. 5. Role of electric discharges 

The purposive service of the discharges need be mentioned only 
briefly. The usefulness of the strong discharges for protection or 
aggression was noted earlier. Their value to those fish which develop 
only weak discharges, which are evoked only by stimulation (e.g. 
Rava), is less clear. It has been suggested that continuous emission of 
regular pulses by some of the electric fishes subserves locator functions, 
and the experiments do indicate that the fishes orient themselves well 
with respect to obstacles (cf. Keynes, 1956). However, the distortion 
of electric fields produced by foreign-body inhomogeneities in a fluid 
medium must be rather small. Ifthe fishes are capable of making use of 
that distortion it must be inferred that they possess extraordinarily 


sensitive receptors (COATES ef al., 1954). Study of these fish and their 
behaviour has not yet got to the point of providing information on 
such receptors or, if they exist, on their properties. The means of 


central control of this presumed locator mechanism are also unknown. 
In this connection an interesting, although negative, finding is the 
failure of #. virescens to alter its rhythm of discharge when external 
electrical pulses are delivered to the water. Shocks strong enough 
to cause violent movement of the fish do not disturb this rhythm 
(Fig. 9). 

The problem of locator function is complicated by recent findings.“ 
Some of the Gymnotids (e.g. Sternarchus albifrons and G. carapo) have 
several organs (cf. ELiis, 1913, Pl. XIX, Fig. 20), in some species 
apparently differently oriented (Fig. 9). When recording with an 
exploring electrode at the tip of the tail of S. albifrons, the resultant 
response is a symmetrical diphasic potential, at first negative. Analysis 
of the potential field around the fish discloses that an anterior organ is 
oppositely oriented to the caudal. Nevertheless, when S. albifrons 
thrusts its head under a shelter in an aquarium, the tail portion 
extending out, the latter reacts to a metallic conductor brought into 
its vicinity, about 1 cm away from the skin. It does not react in the 
same way to a nonconductor. Ligenmannia virescens, which emits a 
monophasic pulse (Fig. 9) indicative of a single electric organ, is 
remarkably sensitive to a metallic conductor. When this is brought 
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near its body, a quiescent fish darts away, and continues these violent 
escape manoeuvres as long as a conductor, but not an insulated metal 


rod, is in its vicinity. 


IV. 6. Immunity of electric fishes from self-excitation 

This problem has not been attacked in modern times and our knowledge 
on this matter is not greater than that presented by Du Bois-REYMOND 
in 1881. The latter pointed out that the electric organs are rather well 
isolated by fatty tissues, and that these also envelop the rest of the 
animal to insulate it somewhat from the discharge. The nerves to the 
electric organs are fairly heavily sheathed and are relatively difficult 
to stimulate or to record from in comparison with nerves from other 
animals. It is interesting in this connection to point out that the pair 
of single axons in Malapterurus, although only about 8—10 y in diameter, 
are covered by about | mm of sheaths. The potential field generated 
in water by L. virescens indicates that the resistance of this animal 
forward of the electric organs is rather high (cf. footnote 11). These 
various items contribute to an explanation, but probably do not supply 
the full story. 


IV. 7. The chemical events and energetics of the electric discharges 

Very little detailed study of the chemical events is available. Release 
of acetylcholine during stimulation of J'orpedo electric organ (FELD- 
BERG and FrEssarpD, 1942) and disappearance of this substance during 
continued activity in Narcine (CHaAGas et al., 1953b), and Electrophorus 
(CHAGAS et al., 1953a), are known. The general biochemical processes 
of energy utilization have been studied to some extent in Hlectrophorus 
(cf. NACHMANSOHN ef al., 1943) and at least in gross are similar to those 
of muscle, breaking down phosphocreatine and releasing lactic acid. 
The rate of energy liberation is extremely high, a single discharge of 
Torpedo involving a peak of 6 kW and an average of 1 or 2 kW (Cox 
et al., 1946; CRANE, 1950). Electric organs provided material for an 
early study of the thermodynamics of bioelectric activity (BERNSTEIN 
and 'TscHERMAK, 1906). The results, disclosing only small heat changes, 
sometimes exothermic, sometimes the reverse (cf. BERNSTEIN, 1912) 
probably reflect the complexity of the biochemical sequence of events. 


V. ELECTROPHYSIOLOGICAL MECHANISMS OF THE DISCHARGE 
The earlier electrophysiologists, despite the sluggishness of their 
recording instruments, described essentially correctly the general 
properties of the discharges provoked by stimulating the animal, or the 
excised organs. GortcH (cf. 1900) and GarTEN (cf. 1910) observed a 
phenomenon confirmed by later workers (cf. FEssaARD, 1947) whose 
significance has been fully appreciated only recently. The response of 
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the organs of Malapterurus, Torpedo or Raia to direct electrical 
stimulation always occurs with an irreducible minimum latency of 
several milliseconds. In 1882, Bernstern (cf. Gorcu, 1900) had found 
that frog muscle stimulated through its nerve terminals also exhibits 
an appreciable minimal latency, whereas the response to direct stimu- 
lation of the muscle fibres can occur with almost no measurable 
latency. This finding led BernsTern to distinguish different excitatory 
mechanisms in the two modes of response. Other data, the inexcita- 
bility of the denervated or curarized electric organs of these fishes even 
to the strongest stimuli, supported, in GARTEN’s (1910) opinion, the 
view that the structures were end-plates, excited only by the inter- 
mediacy of neural action. The earlier experiments were confirmed and 
amplified by AUGER and FrEssarp (1941), Fessarp and P&zarp (1940), 
MARTINS-FERREIRA and Covucerro (1951), CHaGas and ALBE-FESSARD 
(1954), and ALTAMTRANO ef al., 1953, 1955a,b. 


V. 1. Series summation of potential 

Despite the marked decrease of work on all electric organs after the 
beginning of this century,”* and the virtual cessation of work on 
Malapterurus, a brilliant suggestion was made by BERNSTEIN (1912) to 
account for the high voltages which the electric fishes are capable 
of generating. Applying his theory that the electrical response of 
excitable tissues was caused by a temporary depolarization of the 
active region of a cell normally polarized with its interior negative, 


BERNSTEIN postulated that the electroplaque was similarly polarized, 
but that only its innervated surface membrane becomes depolarized 


during activity (Fig. 10). 
The correctness in principle of this suggestion was shown only 
recently with intracellular recording from electroplaques of Electro- 


42) Tt is interesting to speculate on this decrease of attention paid to the electric 
organs. The development of sensitive and rapidly responding electrophysiological 
tools no longer made the strong generators of the electric organs convenient material. 
Research therefore probably tended to concentrate on the electrogenic tissues of greater 
potential interest to man, nerve and muscle. The First World War also played an 
important part. Apparently a considerable amount of work in progress on electric 
organs in Cremer’s laboratory in Germany (cf. GARTEN, 1910; ROSENBERG, 1928), was 
disrupted by the First World War, only a few fragments of that work being published 
many years later (e.g. E1LENFELD, 1926; ReEMMLER, 1930). In Japan also, the work of 
Fust (1914) on Astrape was not resumed. Another factor which probably discouraged 
investigation was the lack of an accepted explanation for that most remarkable fact 
concerning the electric fishes—their unique ability to develop high-voltage activity. 
As noted in connection with Voura’s “artificial electric organ,” it was recognized, and 
especially pointed out by Du Bois-REyMonp, that the probabie cause was series 
summation of the e.m.f.’s generated in each electroplaque. However, until BERN- 
STEIN’s suggestion, no explanation was forthcoming for this special adaptation of the 
electric fishes. As late as 1949 (ALBE-FESSARD et al., 1949) leading workers in the field 
did not accept BERNSTEIN’s explanation, and other mechanisms were proposed (AUGER 
and Fressarp, 1939; FEssarp, 1946). 
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phorus (Fig. 11) (Keynes and Martins-Ferrema, 1953; ALTAMIRANO 
et al., 1955a,b) and Raia (Brock et al., 1953b) (Fig. 12). The response 
of the eel electroplaque to direct stimulation conforms with those of 
axons and skeletal or cardiac muscle fibres first clearly) demon- 
strated by HopGKry and his colleagues (HopGKIN and HuxLEy, 1939, 
1945; Nastuk and Hopexrn, 1950; Draper and WrrpMann, 1951), 
and since found in many other conductile excitable cells. However, 
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Fig. 10. BrrNsTetn’s explanation of voltage summation in electric organs. 
The cell (@) is polarized at rest, inside negative. Impulses arriving in nerve 
trunk F act through the terminations N to depolarize only the innervated 


surface. This would set up a current flow in the direction of the arrow. S,, 8 


are the side walls. The regular arrangement of cells, one above the other, would 
act like an array of series batteries during the response, but at rest there 
would be no current flow. (From BERNSTEIN, 1912.) 


only the membrane of the innervated surface of the electroplaque 
responds in this manner, temporarily not only losing its inwardly 
negative polarization, but the interior also reversing into positivity. 
The resting potential of about — 80 mV, and the overshoot to about 
+ 70 mV, generate a pulse of about 150 mV in the eel electroplaque 

and MartINns-FERREIRA, 1953; ALTAMIRANO, 1955). On the 
other hand, the noninnervated but electrically polarized faces of the 
cell show only a small potential during the discharge (Fig. 11). This 
is an IR drop of the current of activity across the resistance of the 
noninnervated and nonresponsive membrane (KEYNES and MarrTrns- 
FERREIRA, 1953). Synchronous discharge of the approximately 6000 
series-arrayed electroplaques of the eel therefore results in the high 


13) BERNSTEIN, in 1871, reported a reversal in nerve which Du Bois-REYMOND 
(1881, p. 281) accepted. He therefore doubled his estimate of the size of the response of 
the eel electroplaque from a resting potential of 25 mV to activity of 50 mV. Apparently, 
on developing his depolarization theory in 1902, BERNSTEIN discarded his own earlier 
findings which were also neglected by other electrophysiologists. LENGELMANN made 
similar observations on heart, first published in 1873. BURDON-SANDERSON and GotTcu, 
in 1891, also reported this in muscle (cf. WEIDMANN, 1956, p. 19.) 
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Fig. 11. Demonstration of the essential correctness of BERNSTEIN’s explana- 
tion. Upper left: A pair of microelectrodes recording differentially and located 
at the innervated caudal surface of the eel electroplaque (A in diagram) are 
isopotential even when the cell is stimulated. One of the electrodes enters the 
cell to reveal a resting potential of almost — 90 mV. The response to a 
stimulus is a spike with overshoot (B). The resting potential disappears 
when the electrode is moved through the cell to the outside of the rostral 
surface, but the spike still appears in the same polarity (C). Lower left: The pair 
of electrodes are at first outside the noninnervated rostral surface (4). Entry 
of one electrode into the cell again discloses the resting potential (B), but a 
response elicits only a small IR drop across this membrane, showing that it 
does not generate a spike. On moving the same electrode through the cell to 
the outside of the innervated face, the resting potential disappears (C), but the 
spike remains, however, in reversed sign from that in C above, showing that 
only the outside of the innervated face becomes negative during the response. 
Right: diagram showing the alteration from the resting condition when no 
current flows in the electric organ, to the active, when the series arrangement 
of electrogenic surfaces produces a current flow and addition of voltages. 
(From KEYNES and MARTINS-FERREIRA, 1953.) 


voltage of the whole organ, and of the current flow in the direction given 
by Pacrnt’s rule—the innervated face becoming negative externally. 


V. 2. Parallel summation of currents 

Some of the electric fishes are also capable of delivering high currents. 
That estimated on short circuit of the eel organ is about 1 A, and of 
T’. occidentalis is about 50 A (Cox et al., 1946). These currents are made 
available by the parallel arrangement of a number of series stacks 
(Fig. 2). Malapterurus is said to have some 3000 of these and 7’. 
occidentalis about 2000. The relatively smaller number of parallel 
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arrays in Electrophorus (up to about 70; cf. Keynes, 1956) nevertheless 
are capable of delivering a high current because of the large surfaces of 
their electroplaques and the consequently low internal resistance of the 
individual generators. The innervated membrane has an apparent 
resistance of about 5ohm-cm? (Keynes and Martrns-FERREIRA, 
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Fig. 12. Responses in the electroplaque of Raia. This cell is not excitable to 


an electrical stimulus, but is to a neural volley. The demonstration that only 

the innervated face of the cell responds to this stimulus is similar to that of 

Fig. 11. In this electroplaque, however, the activity does not have an over- 

shoot (or not more than a few millivolts) and has a long duration (ca. 20 msec). 
(From Brock et al., 1953.) 


1953; ALTAMIRANO, 1955), and the nonresponsive about 0-2 ohm-cm? 
(KEYNES and Martins-FERREIRA, 1953).0% 


V. 3. Responses of eel electroplaque to electrical stimuli 

That the large response of the eel electroplaque is a spike (i.e. an action 
potential of the kind found in nerve or muscle fibres) is confirmed by its 
presence in a characteristic form in the denervated cell (Fig. 13; ef. 
MartTINS-FERREIRA and Covucrrro, 1951). The direct electrical 
stimulus is then effective only when the current flows outward through 
the responsive membrane. With weak stimuli the first activity is a 
graded, local response, as in axons. This grows with stronger stimuli 


and a spike develops, propagating decrementlessly, but at a low rate 
(1-2 m.p.s.). With still stronger stimuli the latency decreases and 
nearly vanishes, but the stimuli tending to spread electrotonically 
excite the responsive membrane everywhere in the cell, and the dis- 


a) These values require correction for the increase in surface caused by its marked 
irregularity. PAcrnt estimated a 5- to 6-fold increase of the surface due to this factor 
(Du Bots-REymonp, p. 290). ALTAMIRANO (1955) suggests the increase may be up to 
100-fold. The membrane capacity (ca. 15 wF/em*; Keynes and MARTINS-FERREIRA, 
1953) would be decreased to the same amount as the membrane resistance is increased. 
However, the time constant, about 75 usec, would remain unchanged. 
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charge of the latter then arises everywhere simultaneously or nearly 
30, (15) 
so. 


The spike of the eel electroplaque is most probably caused by the 
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Fig. 13. Responses of the denervated eel electroplaque. The inset diagram 
shows the stimulating and recording conditions with 2 pairs of microelectrodes 
straddling the responsive caudal membrane of the cell. The upper of the 3 
traces represents the zero potential base line. The resting potential deflects the 
2 active traces downward. A weak stimulus (A), directed so that current flows 
outward through the excitable membrane (from right to left in the diagram) 
causes only electrotonic pick-up at both recording sites. A stronger stimulus 
(B) initiates a local response at the nearer recording site, 1. A stronger stimulus 
increases this, but still does not excite that region, the spike initiated at the 
stimulating electrodes propagating into recording site 1 and then into 2. 
Stronger stimuli (D, £) cause earlier onset of the response at site 1, since the 
exciting locus is moved closer, but that at site 2 arises only by propagation. 
Still stronger stimuli (7, G) spread farther, decreasing the latency at both 
recording sites and causing almost simultaneous discharge of the cell (J). 
Reversed, very strong stimuli do not activate the cell, the positive deflection 
being due to current flows in other, distant cells for which the stimulus was in 
the correct direction. Calibrations 100 mV and msec, shown separately for 
the two active traces. Upper is for trace 1. Spacings of the electrodes: 
between stimulating and 1, 0:83 mm; between | and 2, 2-56 mm. In subse- 
quent figures of the same series only the values will be given, always in the 
same order. (From ALTAMIRANO et al., 1955a.) 











same type of membrane events which occur during the response of the 
squid axon (Hop@KrIn and Huxtey, 1952), and which operate against 
a substrate of resting membrane potential,“® and unequal distribution 


45) The responses of electroplaques of the main organ are similar (KEYNES and 
MARTINS-FERREIRA, 1953). The circuit properties of the eel-electroplaque are rather 
conducive to distortion of the recorded responses (ALTAMIRANO et al., 1955a). This 
accounts for differences in amplitude and form of the spike observed under different 
conditions (KEYNES and MartTIns-FERREIRA, 1953; ALTAMIRANO et al., 1955a; 
ALTAMIRANO, 1955). 

46) Failure to obtain a resting potential in Torpedo electroplaques led AUGER and 
Frssarp (1939) to propose a theory of electrogenic action different from that of BERN- 
STEIN. A resting potential up to about 60 mV has been observed by FEssarp and Tauc 
(1952), so that this cell, too, probably responds, as do eel and Raia electroplaques, by 
depolarization of the innervated membrane. However, some problems of the Torpedo 
response are discussed further on. 
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of ions between the cell and its exterior. Threshold membrane 
depolarization probably initiates a potential-controlled increase in 
sodium conductance. The influx of this ion, which is more concen- 
trated in the body fluids than in the cell, depolarizes the membrane 
further and increases sodium flow still more. 

According to the Hop@xin and Hux ey theory this regenerative 
process is halted by another, potential- and time-determined event, 
sodium inactivation. A third, similarly controlled process of heightened 
potassium conductance has kinetics which differ from those of either 
sodium conductance or sodium inactivation. This ion, flowing outward 
in conformity with its high internal concentration and the altered 
membrane potential, dissipates the membrane charge and potential. 

The peak amplitude and the rate of rise of the spike of the squid axon 
depend upon the sodium concentration in the external medium 
(Hope@KIN and Karz, 1949). It has been similarly found (KEYNES and 
MARTINS-FERREIRA, 1953) that depletion of the Na* in the solution 
bathing the innervated surfaces of eel electroplaques depresses the 
spike. This finding, the existence of an overshoot, or reversed polariza- 
tion of the membrane during the peak of the spike, and the loss of 
excitability in the depolarized electroplaque (Fig. 17) indicating the 
process of sodium inactivation, are evidence for the participation of 
sodium ions in the generation of the action potential of eel electro- 
plaques.“%) Although the kinetics of the processes may be different 
in the eel electroplaque (ALTAMIRANO, 1955; ALTAMIRANO ef al., 1955a), 
there seems to be no reason at present to assume ionic membrane 
mechanisms radically different from those postulated in the ionic 
theory developed for the response of squid giant axons. It has been 
suggested (ALTAMIRANO, 1955) that sodium inactivation and potassium 
conductance may be absent in the eel electroplaques. However, the 
increased membrane resistance of the electroplaque subjected to strong 
outward currents might indicate that a secondary process, perhaps one 

46a) Prof. Katz has pointed out (personal communication) that OVERTON (1902) in 
his paper on the indispensability of sodium for the contraction of muscle had suggested 


(p. 381) examination of the responses of electric organs after replacement of sodium by 
sugar in the external medium. Presumably the success of BERNSTEIN’s membrane 
theory, which was published in the same volume of Pfliiger’s Archiv, inhibited recogni- 
tion of OvERTON’s findings and his clearly stated conclusion that the response of muscle 
and probably also of nerve involves an exchange of Na* (or Li*) for the intracellular 
K+. It was first recalled to attention by LORENTE DE NO (1947), but its importance was 
not fully realized until HopeKrn and Karz’s (1949) fundamental work set the perspec- 
tive. Karz (1952) then pointed out the richness of OVERTON’s paper. Another item of 
exceeding interest is OVERTON’s discussion (pp. 383-384) of a difficulty for his suggestion. 
He pointed out that during a life span of 70 years the heart had contracted about 
24 x 10° times and the respiratory musculature some 6 x 10° times. OVERTON noted 
that in spite of this activity there was no alteration of Na* and K+ in the muscles of old 
people. To meet this difficulty he suggested that another mechanism (which is at present 
termed a metabolic ‘“‘pump’’) probably existed to counteract the expected increase of 


internal Na*,. 
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of potassium inactivation, is disclosed by this finding. Heightened 
potassium conductance is said to be absent in the spike of frog axons 
(TasaAkr and FRryGANG, 1955), but increased potassium outflow 
during repetitive activity is found in toad nerve (SHANES, 1951). 

The behaviour of the electrically excitable membrane may be 
considered as a transducer action (GRUNDFEST, 1956b), depolarization 
acting to increase the sodium conductance according to the following 
schematization : 


Electric Increased Sodium 
Stimulus —> Depolarization —> Conductance — Depolarization 
p> 
| 
(transducer (electrical 
action) response ) 
| 


| 


______ Positive Feedback 


VI. Synaptic EXcrraBILity 
VI. 1. Raia, Torpedines and Malapterurus 


The electroplaque of Raia clavata, on the other hand (Fig. 12), is not 
directly excitable, but is responsive to stimulation of its nerve (BRocK 
et al., 1953b). The discharge always occurs after a latency of several 
milliseconds (ALBE-FESSARD, 1950a), is long (ca. 20 msec), and usually 
does not exceed the level of simple depolarization. If an overshoot 
occurs, it is only of a few millivolts. This response therefore comports 
with that originally suggested by BERNSTEIN. These properties, some 
of which had been earlier found with Malapterurus and Torpedo (cf. 
GARTEN, 1910) therefore re-enforce the view that the electrically 
inexcitable membrane of these electroplaques has the electrogenic 
properties of the muscle endplate as described by Karz and _ his 
colleagues (Farr and Karz, 1951; pet Castr~io and Karz, 1954b). 
The response of Raia electroplaques is probably graded with different 
degrees of its excitatory innervation, and the amplitude can be smaller 
than full depolarization (cf. Fig. 12). 

The discharge of Raia reflexly evoked through the bulbar command 
nucleus is a sustained potential similar to the tetanic response of 
muscle. It is probably due to repetitive stimulation of the organ by 
neural volleys emitted at intervals which are short in comparison with 
the duration of a single discharge of the cells (cf. Szapo, 1955). The 
sustained electrical activity is associated with graded responsiveness 
and absence of refractoriness. It therefore is to be expected in a p.s.p. 
Summation and maintenance of the p.s.p.’s is also to be seen in the 
responses of sympathetic ganglion cells which are stimulated so 
rapidly as to be incapable of supporting spikes (R. M. Eccigs, 1955). 
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VI. 2. Electrophorus 

The innervated eel electroplaque"” is responsive to a neural stimulus 
as well as to direct excitation, but the electrogenic activity is then 
different in some respects from that produced by the direct stimulus 
(Fig. 14). The neural volley evokes, simultaneously or nearly so all 


A 

















Fig. 14. The dual nature of neurally evoked responses of Electrophorus electro- 
plaques. The arrangement for recording and for direct stimulation is similar 
to that of Fig. 13. Stimulating electrodes were also placed on one of the nerve 
trunks innervating the cell. This is not shown in the inset diagram. Increasing 
stimulation of the nerve evoked at first a graded depolarization (A, B) which 
grew more rapidly at the skin end of the electroplaque (site 2). The hyper- 
polarizing swing is due to current flows induced in the observed cell by the 
discharge of other cells, more excitable to the neural stimulus. The discharge 
of other cells in the series array is therefore inhibitory for the electrically 
excitable membrane, and this may account for the failure of propagation in C 
and slow conduction in D, Still stronger neural stimuli evoke a propagated 
spike arising near site 2 (D), but stronger nerve volleys excite the cell more 
widely (£ to G), eventually causing its nearly simultaneous discharge every- 
where. At all times, however, the spike is preceded by the initial step of 
depolarization which is absent in the directly elicited responses (H). Calibra- 
tion 100 mV and msec, of both active traces. Distances 1-02 and 1-86mm, 
(From ALTAMIRANO et al., 1955a.) 


over the responsive membrane, a small, graded potential which is 
usually largest at the lateral, skin end, of the cell. The amplitude of 
this potential grows when stronger stimuli are applied to one of the 
bundles of nerve fibres innervating the cell,“* but is still largest at the 
skin end, and in that region evokes at first another localized response 
and then a spike. The latter then propagates along the electroplaque 
at the same velocity as the directly elicited spike. The initial graded 
response to the neural volley remains distinct from the spike recorded 

47) The responses of the single innervated cells have been studied thus far only in the 
Sachs organ (ALTAMIRANO et al., 1953, 1955a,b; ALBE-FESSARD and CHAGas, 1955a,b). 

a8) Three of the segmental nerve trunks have been found to innervate a single electro- 
plaque of the Sachs organ (ALTAMIRANO et al., 1953). In Torpedo, six nerve bundles 
innervate each cell (Fig. 1). 
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in the more medial regions of the electroplaque. Still stronger stimuli 
to the nerve increase the early response more, and thus the spike may 
be initiated simultaneously everywhere in the cell. Nevertheless, a 
prefatory step in the spike still denotes the presence of the early, 














Excitation of the innervated eel electroplaque with current flowing 


Fig, 15. 
As shown in Fig. 13, this does not 


inward through its excitable membrane. 
elicit a response in the denervated cell and activation is therefore indirect, by 
exciting first the nerve terminals. A threshold stimulus (4) evoked an early 
depolarization near the site of the applied stimulus (site 1), the spike then 
propagating to recording site 2. (8) A stronger stimulus also caused a pre- 
fatory depolarization at site 2, the spike in the region arising by that excitation. 
(C) The cell directly stimulated by an outward current does not show these 
prefatory potentials. Note also the brief latency to a weak direct stimulus and 
the long latency to the indirect. Distances 0-83 and 4-5 mm. Indirect stimu- 
lation of another electroplaque is shown in (D) to (Ff). A weak stimulus (D) 
evoked a response in another cell which caused hyperpolarization of the 
observed electroplaque. A stronger stimulus caused depolarization prefacing 
the spike (#), and when the stimulus increased the prefatory potentials 
increased, initiating the spike earlier on the depolarization, the spike at site 2 
also developing earlier than by propagation (cf. G). The directly elicited spike 
even to a very weak stimulus (@) arises with briefer latency than does the 
indirectly evoked (F'), but the prefatory depolarizations of neural origin are 
absent. They are present in the discharge evoked by stimulation of a nerve 
trunk (H) although, as noted in Fig. 14, the spike in this case arises near site 2, 
and the cell discharges almost simultaneously. Calibrations 100mV_ and 
msec. Distances 0:59 and 2:13 mm. (From ALTAMIRANO et al., 1955a.) 


neurally evoked, graded potential, which is not to be seen on direct 


stimulation of the cell. 

Reversed ‘‘direct”’ stimuli which do not excite the denervated cell 
(Fig. 13) also evoke responses in the innervated electroplaque (Fig. 15). 
The spike so produced has a small and graded component prefacing it, 
as in the neurally evoked response. Even with very strong stimuli the 
response has a latency (ALBE-FESSARD et al., 1951b). This form of 
stimulation has been termed “‘indirect’’ and is caused by stimulation 
of the nerve terminals at the surface of the electroplaque. 

Various tests have demonstrated (ALTAMIRANO ef al., 1955a,b) that the 
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neurally or indirectly evoked responses always have the early component 
which is absent on direct stimulation, and that this component is a post- 
synaptic potential (p.s.p.) which develops in specialized, postsynaptic 
membrane of the electroplaque. It has also been shown that this mem- 
brane component differs in its properties from that of the electrically 
excitable portion of the same membrane (ALTAMIRANO ef al., 1955a,b). 
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Fig. 16. Differentiation between the properties of the membrane developing 
the p.s.p. and the spike of eel electroplaques. Two kinds of experiments on the 
same cell are shown. Above: the cell was first excited with a direct stim- 
ulus, and this was followed at various intervals by a neural volley. The 
latter evoked a p.s.p. in the cell during the falling phase of the conditioning 
spike (A) and later (B) while the electroplaque was still absolutely refractory 
to a second, direct stimulus (cf. Fig. 27). When the neural volley arrived later, 
the cell was relatively refractory, and graded responses developed (C to EF) 
which were largest at the skin end (site 2), where the synaptic excitation is 
strongest (cf. Fig. 14). Later, the cell became capable of propagating spikes 
(Ff, G), but was still relatively refractory, since these responses were small in 
amplitude and developed at site 1 with more latency than in the control 
response to the testing neural volley (H). Below: both the conditioning and 
testing response were evoked by stimulating the nerve. The testing stimulus 
was weaker than the conditioning as seen from the responses to this stimulus in 
isolation arising late on the p.s.p. (@’). The nerve being absolutely refractory 
to the second stimulus (A’), no p.s.p. was elicited by the latter. Early in 
relative refractoriness of the nerve (B’) the testing stimulus evoked a p.s.p. at 
the skin end where synaptic excitability is greatest. At longer intervals between 
the stimuli (C’, D’), a smaller p.s.p. developed and grew at site 1, that at site 2 
always being larger. The spike-generating membrane was still absolutely 
refractory at this time (cf. record B, above). As the cell recovered into relative 
refractoriness (Z’, F'’) spikes were elicited, but smaller than the conditioning 
responses. However, they arose earlier on the p.s.p. evoked by the testing 
volley than when the latter was delivered to the unconditioned cell (@’), the 
effect being due to homosynaptic facilitation. The latter is not associated with 
persistent changes in membrane potential. Calibrations 100mV and msec. 
Distances 0°59 and 2:13 mm. (From ALTAMIRANO et al., 1955a.) 
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VI. 3. Inexcitability of the postsynaptic membrane to electrical stimuli 


The fact that the p.s.p. is not obtained by direct stimulation of the cell 
suggests that this response is not generated in membrane capable of 
responding to an electrical stimulus. It has been found (ALTAMIRANO 
et al., 1955a,b) that the membrane component generating the p.s.p. is 
indeed rather independent of the electrical conditions of the cell, 
whereas the membrane producing the spike is rather strictly subjected 
to these. The p.s.p. can develop even while the cell is not responsive to 
electrical stimuli either during the absolutely refractory period (Fig. 16) 
or when the spike generating membrane has been inactivated by 
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Fig. 17. Differential effects of depolarization on the spikes and p.s.p. of the eel 
electroplaque. Columns A-—F’, direct stimulation; columns A’—F’, ete., weak, 
moderately strong, and very strong stimuli to the nerve. A—A’’, the response 
of the normal cell. The strong direct stimulus evoked a spike with very brief 
latency (A). The weak neural volley caused a p.s.p. (A’) the stronger also a 
spike (A’’, A’’’). The cell was then treated with weak eserine (25 ug/ml solu- 
tion) for 78 min, and weak acetylcholine (1 ug/ml for the last 58 min of that 
period. These drugs had no effect on the potentials. Five ug/ml acetylcholine 
were then added. Depolarization developed, the spikes 36 min later becoming 
smaller, but the p.s.p. was unaffected (B-B’’’). The diminishing electrically 
evoked response 9 min later (C—C 
response to the strong neural volley. These effects progressed during the next 
19 min (D—D’”’) and 11 min thereafter (H—E’”’). The p.s.p. to the threshold 
neural volley decreased (H’), but was still evident (#’) when the electrically 
excitable membrane no longer responded to a much stronger direct stimulus 
(F). The p.s.p. to a maximal neural stimulation (/'’’’) was still about as large 
as initially (A’”’). This p.s.p. was still capable of evoking a small graded 
response of the electrically excitable membrane, as seen by the small delayed 
additional potential on the falling phase. Calibrations 100 mV and msec. 
(From ALTAMIRANO et al., 1955b.) 
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depolarization (Fig. 17). Nor is the p.s.p. prevented by strong hyper- 
polarization of the cell which blocks appearance of a spike (Figs. 18, 
19). 

The sum of this evidence strongly indicates that the p.s.p. of the eel 
electroplaque develops in a membrane component which is not elec- 
trically excitable. This structure therefore probably resembles the 
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Fig. 18. Effects of hyperpolarization and depolarization on the electrically 
excitable membrane of an eel electroplaque. The excitatory effects of a weak 
stimulus (A) are eliminated by weak hyperpolarization of the cell(A’). A stronger 
stimulus (B) evokes only a local response at site 1 when the latter is subjected 
to about 15 mV of hyperpolarization (B’) which is seen in isolation in B”. On 
the other hand, the excitatory effects of a weak direct stimulus (C) are enhanced 
(C’) by depolarization of about 10 mV (C”). This behaviour is characteristic of 
electrically excitable membrane. Calibrations 100 mV and msec. Distances 
0-83 and 2-56 mm. (From ALTAMIRANO et al., 1955a.) 


totality of the membrane in those electric organs which are only 
neurally excitable.2® The muscle endplate is also endowed with this 
type of membrane (Farr and Karz, 1951; DEL CasTILLO and Katz, 
1954b). An important new proof for the latter has been recently 
provided by the finding that even when the muscle fibre is depolarized 
and not responsive, the endplate membrane still reacts to application 


a) The ‘‘slow”’ muscle fibres of frog (KUFFLER and VAUGHAN WILLIAMS, 1953) do not 
give spike responses to electrical stimuli (BURKE and GrnsBorG, 1955), their neurally 
evoked responses being entirely p.s.p.’s. The membrane of the apical dendrites of 
pyramidal cells in the cat cortex is electrically inexcitable (GRUNDFEST and PURPURA, 
1956), but responds to synaptic activation (PURPURA and GRUNDFEST, 1956a,b). The 
pyramidal cells are excitable electrically at their soma. BREMER (1953, p. 4 footnote) 
remarks that an objection to the postsynaptic nature of synaptically evoked electrical 
activity is that, whereas antidromic excitation of motoneurons depresses the excitability 
of the cell, it does not much affect the ‘ability of a closely following orthodromic volley 
to produce a synaptic potential.” This independence (cf. ALTAMIRANO et al., 1955a) is 
exactly what may be expected if the postsynaptic membrane of neurons is not electrically 
excitable, and is to be seen in orthodromic responses of motoneurons immediately after 
antidromic excitation (BRockK et al., 1953; Coomss et al., 1955c), in sympathetic ganglia 
(LaporTr and LORENTE DE NO, 1950), and in other synaptic systems (cf. GRUNDFEST, 
1956b). The p.s.p. of Aplysia ganglion cells also adds to a previously evoked spike, while 
the cell cannot respond with another spike (Dr. ARVANITAKI and CHALAZONITIS, 1956). 
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of acetylcholine (DEL CasTiLLo and Karz, 1955b). In the case of eel 
electroplaques (ALTAMIRANO et al., 1955b) the neurally evoked p.s.p. 
develops even when the depolarized cell does not produce a spike 
(Fig. 17) 

VI. 4. Location of the post-junctional membrane 

The neurally evoked p.s.p. occurs everywhere that the spike does 
across the responsive membrane of the eel aa This graded 
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Fig. 19. Different actions of hyperpolarization on the membrane components 
generating the p.s.p. and spike of eel electroplaques. The response to a weak 
neural stimulus is shown in A and B. A hyperpolarizing pulse was then 
delivered through the electrodes of the inset, which caused a greater electro- 
tonic effect at site 1 than farther away (site 2), as seen in records A” and B”. 
About 15 mV hyperpolarization slowed conduction into the hyperpolarized 
region (A’), and a change of about 35 mV increased this effect (B’). A delayed 
local response developed just before the hyperpolarization ended. In both 
cases, the p.s.p. elicited at site 1 remained essentially unaffected. The directly 
excited responses, devoid of p.s.p. are shown in C. Calibrations 100 mV and 
msec. Distances 0-83 and 4-5mm. (From ALTAMIRANO et al., 1955a.) 





depolarizing response is recorded in opposite sign on the outside of the 
membrane (i.e. as increased negativity) just as is the spike. The two 
potentials must therefore be generated in the same membrane, and the 
latter must be a composite in which some “patches” give rise to the 
spike while others give rise to the p.s.p. In skeletal, “twitch”? muscle 
fibres, the synaptically excitable membrane is concentrated at the 
endplate region and, as noted previously, the endplate membrane is 
not electrically excitable. In other cells also, relatively distinct 
regions with differently responsive membrane are known. The terminal 
dendrites of crayfish and lobster stretch receptors depolarize in response 
to mechanical or chemical stimulation (EyYZAGUIRRE and KUFFLER, 
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1955a,b; Wurrersma ef al., 1953), the spike arising in electrically 
excitable membrane by electrotonic spread of the depolarization to 
this region (EyzaaurrRE and KvuFrrver, 1955a,b). However, the 
terminals are not themselves capable of supporting a spike (cf. also 
KUFFLER and Eyzacurrree, 1955). The soma of some cardiac ganglion 
cells of the lobster depolarizes to its synaptic excitation from the pace- 
maker cells of the ganglion, but the spike then develops in the axon 
(Hagiwara and Buttock, 1955). The inability of cortical dendrites to 
respond to electrical stimuli or to support antidromic invasion by the 
spike of their cells (GRUNDFrEST and PuRPURA, 1956) is another case. 
On the other hand, the membrane of J'orpedo, Malapterurus and Raia 
electroplaques is probably entirely of the synaptically excitable type, 
whereas the eel electroplaque resembles that of cat motoneurons, in 
which the cell membrane is capable of generating a spike and also a 
p.s.p. In the latter cells, however, the postsynaptic membrane has 
more complications than the eel electroplaque, yielding not only 
depolarizing, excitatory p.s.p., but also a hyperpolarizing type—the 
inhibitory p.s.p. (BRocK et al., 1952; Eccues et al., 1954: COOMBs ef 
al., 1955b,d). The latter has also been observed in some invertebrate 
muscle fibres (cf. Farr and Karz, 1953) and in the crayfish stretch 
receptor (KUFFLER and EyzaGuirre, 1955). Further evidence that the 
postsynaptic membrane, in all systems at present accessible to study, 
is not electrically excitable, has been marshalled elsewhere (GRUNDFEST, 
1956a,b,c). 


VI. 5. Pharmacological differentiation of the spike generating and post- 
synaptic membrane components 

As in Malapterurus and Torpedo, the eel electric organ is inactivated by 
curarization, but only to neural stimuli (pu Borts-ReymMonp, 1881, 
p. 197; Cuagas and ALBE-FrEssarp, 1954). A more extensive study, 
but still with only a few drugs, carried out with intracellular recording 
(ALTAMIRANO, ef al., 1955b) has provided further distinction between 
the membrane component generating the spike and that causing the 
p.s.p. The latter response is abolished by certain drugs (Table 1, Fig. 
20), and with its disappearance there is loss of responsiveness to neural 
stimuli. However, the electrically excitable membrane component for 
a long time thereafter remains responsive, although the nature of its 
activity is altered, as will be described below. The effects of these drugs 
are exerted with no alteration of the resting potential, and therefore 
are not determined by potential-dependent processes such, for example, 
as sodium inactivation (HopGkKIN and Hux.ey, 1952). 


(20) Some invertebrate muscle fibres are not excited by electrical stimuli, but are 
responsive to neural (ROEDER and WeraAnt, 1950; Hacrwara and WATANABE, 1954; 
FurRSHPAN, 1955; cf. also ALTAMIRANO et al., 1955a). 
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Another group of substances, at least some of which are known to 
depolarize the muscle endplate (cf. ALTAMIRANO ef al., 1955b) also 
depolarize the eel electroplaque (Table 1, Fig. 17). This action of the 


TABLE 1 
(a) Compounds which inactivate the postsynaptic membrane, do not depolarize, 
but convert the all-or-nothing response of the electrically excitable membrane to 
the gradedly responsive 


Substance Minimum effective concentration ug/ml 


Eserine . 25 
d-Tubocurarine s 50 
DFP* : : 100 
Procaine ; : 200 
Tertiary analog of prostigmine 1000 


Flaxedilt 


(6) Compounds which depolarize, inactivating the electrically excitable 
membrane, but not the postsynaptic 


Acetylcholine? 

Carbamylcholine 

Decamethonium , , 
Dimethylaminoethy] acetate (DMEA 
Prostigmine . 

Succinylcholines 


* This substance causes a secondary depolarization with consequent inactivation of 
the electrically excitable membrane. 

+ On the basis of the data of Cuacas and ALBE-FEssARD (1954) that the action of 
I LAXEDIL is similar to that of curare. These workers did not study membrane potentials 
or graded responsiveness. 

In the presence of eserine, 25 ug/ml. 

§ On the basis of the data of CHaGcas and ALBE-FEssarp (1954), who found a similar- 

ity of action with acetylcholine (see note *) 


drugs is probably exerted on the postsynaptic membrane components 
of the electroplaque, the massive depolarization of these distributing 
itself over the totality of the membrane. It then affects the electrically 
excitable component, presumably by sodium inactivation, and the 
spike, whether elicited by direct stimuli or by neural, is depressed and 
finally abolished. At this stage, which represents loss of the all-or- 
nothing conductile property, strong neural stimuli still elicit a spike-like 
but not decrementlessly propagating potential. The action of the drugs 
on the p.s.p. is conspicuously different. Although there is some 
diminution of the threshold p.s.p. at late stages of drug action (Fig. 17) 
which suggest depression of synaptic excitability (cf. THESLEFF, 1955b) 
a maximal neural volley elicits the maximal p.s.p. of the normal cell. 
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The depolarizing action of the drugs in Table 1(b) is prevented by 
prior treatment of the electroplaque with one of the nondepolarizing 
synaptic blocking agents (CHaGas and ALBE-FESSARD, 1954; ALTA- 
MIRANO et al., 1955b). Therefore both groups act upon the postsynaptic 
membrane component, and the effects of the synaptic blocking drugs is 
not due to some action of these on the presynaptic terminals. However, 
although the protected cell is not depolarizable by the drugs which usually 
depolarize, it nevertheless responds in this way to increased K* in the 
medium (ALTAMIRANO ef al., 1955b). It is not known whether the action 
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Fig. 20. Effect of nondepolarizing synaptic blocking agents on the responses 
of the eel electroplaque. Direct stimulation of the cell is represented in A-F, 
neural excitation in A’—C’. The initial responses to both stimuli are shown in 
A and A’. Three minutes after substituting a bathing solution containing 
5 mg/ml d-tubocurarine, the directly elicited spike was unchanged (B), but 
synaptic excitation was less effective, the spike arising later on the smaller 
p.s.p. (B’). At 5 min (C, C’) the directly elicited response was still unaffected, 
but the p.s.p. had decreased so much (C’) that it was seen only with repetitive 
stimulation at 50/sec, and produced a single small “‘spike,”’ after which it could 
no longer affect the electrically excitable membrane. The latter, however, 
remained fully responsive to a direct stimulus 41 min later (D), but eventually 
this responsiveness decreased (96 min later, 2; and 110 min after this, F). The 
resting potential of the cell was unchanged. Calibrations 100 mV and msec. 
(From ALTAMIRANO et al., 1955b.) 


of the nondepolarizing drugs prevents depolarization of the postsynaptic 
membrane by K+. Whether or not this be the case, the electrically 
excitable membrane still remains available for depolarization. 

These pharmacological actions on the postsynaptic membrane of 
the electroplaque closely parallel those obtained with the same and 
related substances on the muscle endplate (cf. Burns and Paton, 
1951; DALLEMAGNE and PuinrpepoTt, 1952; Patron, 1954). Indeed, the 
findings on the eel electroplaque preparation (ALTAMIRANO et al., 1955b) 
constitute a demonstration, with the precision offered by intracellular 
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recording, of the correctness of the deductions from the studies with 
muscle and autonomic ganglia (PATON and Perry, 1953). The bearing 
of the data on synaptic pharmacology is discussed below (Section 


TX). (20a) 


VI. 6. Presynaptically induced electrotonic currents in the electroplaque 
A curious finding is the absence of current flows which might be expected 
to develop in the richly synaptic surface of the eel electroplaque, 
electrotonically induced, after stimulation of the nerve, by the impulses 
of the presynaptic terminals. The e.p.p. of frog muscle also appears 
innocent of presynaptic electrotonic effects (Farr and Karz, 1951; 
NASTUK, 1953a), while in motoneurons (Brock et al., 1952) or at the 
squid giant axon synapse (BuLLOCK and Haciwara, 1955) only a 
brief, polyphasic electrotonic action is observed, in magnitude not 
exceeding a few millivolts." 

Correlation of these findings brings forward a number of possibilities. 
KUFFLER (1948, 1949) had indicated, and this was confirmed with 
intracellular recordings (DEL CasTILLO and Karz, 1954a), that the 
electrotonic effects of the presynaptic volley are not sufficient to excite 
the muscle endplate. The absence, or small magnitude, of this effect in 
the electroplaque or other cells again supports this conclusion although, 
as has been described above, the postsynaptic membrane, being 
inexcitable by electrical stimuli is, in any case, not responsive to the 


electrotonically induced potential change.'*?) However, the findings 
also indicate several additional deductions concerning the nature of 
presynaptic activity and of the synaptic preludes of the p.s.p. 


(20a) ALTAMIRANO (1956b) has confirmed and extended our earlier joint work (ALT«A- 
MIRANO, et al., 1955a,b, and unpublished experiments of that series). Results of particular 
interest are: supporting evidence that ‘‘depolarizing’” drugs exert this action on the 
postsynaptic components of the electroplaque membrane; extension of the list of 
‘“nondepolarizing,”’ synapse inactivating drugs; and evidence suggesting strongly that 
acetylcholine is not involved in the electrogenic responsiveness of electrically excitable 
membrane. Prolonged washing to the cells does not reverse the depolarization caused by 
acetylcholine or carbamylcholine, although the ‘“‘nondepolarizing’’ compounds do so 
readily. As in other synaptic systems, the denervated electroplaque is more sensitive to 
acetylcholine (about 10 times more so) than is the innervated. Since the resting potential 
of unpoisoned cells is the same in both conditions (ALTAMIRANO, et al., 1955a), the lower 
sensitivity of the innervated membrane to the drug cannot be ascribed to its “‘exhaus- 
tion” through bombardment with the transmitter. The difference is more probably due 
to a change in the chemical sensitivity of the denervated membrane (cf. Section IX, 4). 

(1) EKlectrotonic pickups of similar magnitude are observed with intracellular recording 
from a quiescent giant axon when the nearby axons of the earthworm or crayfish nerve 
cord are active (Kao and GruNDFEsST, 1956, and to be published). The electrotonic 
effects of presynaptic impulses initiating the p.s.p.’s observed in the segmented axons 
of these forms are also small. 

(22) Spikes can sometimes generate marked electrotonic potentials in other cells, 
as exemplified conspicuously by ephaptic excitation (ARVANTTAKI, 1942), or by the 
excitability changes in one nerve fibre by activity in another (Katz and Scumirt, 1940). 
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VI. 7. The significance of minimal synaptic delay 

When very strong indirect stimuli are applied to the innervated eel 
electroplaque (Fig. 21), excitation must occur in the electrically 
excitable portions of the presynaptic fibres nearest to the synapses, 
and conduction delay must then be at a minimum. Nevertheless, at 
least 1 and up to 2-5 msec elapse before a p.s.p. is seen (ef. Fig. 15). 


A B 








Fig. 21. Delay in synaptic excitation of the eel electroplaque. Above: Current 
flow outward through the responsive membrane, direct excitation. Below: 
Current flow inward, indirect excitation. The spike to direct excitation (A) 
arises with very brief latency when the stimulus is increased (8B). On the 
falling phase in the latter case is a distortion which represents the p.s.p. evoked 
by the accompanying excitation of nerve terminals with the strong stimulus. 
A weak indirect stimulus (C) evokes only the p.s.p. which arises at the same 
time as does the distortion in B. A very strong indirect stimulus (D) elicits the 
spike only after a delay of 1:5 msec. Calibration 100 mV and msec. 
(From ALTAMIRANO et al., 1955a.) 


The delay in onset of p.s.p. may be, and in other contexts has frequently 
been, ascribed to slowed conduction in fine presynaptic terminals. 
Lateral spread of p.s.p. from the region of indirect excitation occurs in 
the electroplaque at about 5 m.p.s., indicating that the excited nerve 
branches close to the membrane conduct at this rate (ALTAMIRANO ef 
al., 1955a). It is therefore possible that the long latency preceding the 
p.8.p. represents an interval between arrival of the impulse in the pre- 
synaptic terminals, release of the transmitter, and its arrival and action 
at the postsynaptic surface. Another possibility is that the terminals 
are not themselves electrically excitable, their response in the form of 


Geometrical considerations, the small terminal knobs impinging on a large surface of 
membrane, have been used to account for apparent absence of postsynaptic electrotonic 
effects. However, the density of innervation is high in eel electroplaques and probably 
much greater in those of Raia. Electrotonic effects also appear to be absent in the 
responses of Raia electroplaques (Fig. 12). 
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release of transmitter occurring on their electrotonic invasion by local 
circuit current from more central, electrically excitable regions. Slowed 
rise of the potential and its prolonged fall, associated with release of 
the transmitter, also in slowed tempo, would result in a synaptic 
delay, and would as well account for the absence of conspicuous 
electrotonic potential in the postsynaptic cell. 


VI. 8. Chemical vs. electrical excitation of the synapse 

The demonstration that the postsynaptic membrane of the eel electro- 
plaque is not electrically excitable (ALTAMIRANO ef a/., 1955a) forces the 
conclusion that synaptic transmission in this cell, as at the muscle 
endplate (KUFFLER, 1948, 1949; Farr and Karz, 1951; DEL CASTILLO 
and Karz, 1954a,b) cannot come about electrically through the action 
of eddy currents generated in the post-junctional cell by the impulses 
in prejunctional terminals.'**) As in the case of muscle and autonomic 
ganglia, it is therefore necessary to invoke a transmitter agent. The 
recent finding that the cortical dendrites of cat are not electrically 
excitable and cannot support antidromic invasion of an impulse 
(PuRPURA and GRUNDFEST, 1956) is a new demonstration of obligatory 
chemical transmission. The nature of the transmitter of electric 
organs will be discussed below. 


VI. 9. Differential excitability of synaptic loci 

The larger magnitude of the p.s.p. at the skin end of the eel electroplaque 
than elsewhere in the membrane suggests that either the innervation 
of this region may be more dense or that the synaptic action is more 
powerful. Such differences are not observed in motoneurons probably 
because the cell is small and the potential developed by a given synaptic 


action tends to average itself by electrotonic spread over the entire 


membrane surface. However, other evidence does show differences of 
synaptic drives (e.g. Luoyp, 1955). These are usually ascribed to 
probable variations in density of synaptic innervation, but pharmaco- 
logical evidence indicates that different cortical synapses may have 
different effectiveness or properties (PURPURA, 1956a,b; PURPURA and 
GRUNDFEST, 1956a,b). 


VI. 10. Interaction of repetitive synaptic volleys 
In the multiply innervated electroplaques it is possible to send a repeti- 
tion of stimuli through the same nerve, thus exciting the same synaptic 
regions in succession (homosynaptic stimulation) or to interact the 
(23) Tlluminating discussions of the mode of synaptic transmission and of the pros and 
cons of electrical vs. chemical theories will be found in the following references: BREMER 
(1951), BREmMER and Bonnet (1949), BURGEN and MacInrosu (1955), Farr (1954), 
FELDBERG (1950), FeELDBERG and WHITTERIDGE (1955), Fessarp (1952), Fessarp and 
PosTERNAK (1950), ROSENBLUETH (1950). 
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effects of one neural pathway with those of another (heterosynaptic 
stimulation). The eel electroplaque is excited unequally by different 
paths (Fig. 22), and a single neural stimulus is conspicuously ineffective 
in the main organ.) However, although the neural volley discharges 
only a few cells it excites many more, and a second volley through the 
same nerve causes very marked homosynaptic facilitation (Fig. 23). 
The second stimulus is at first ineffective because the nerve is absolutely 
Innervated face 
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Fig. 22. Different excitatory effects of 3 nerve trunks innervating the same 
electroplaques of the Sachs organ. The same row of 16 cells is shown successively 
in I, II, and III. Excitation of nerve trunk I did not discharge any of these 
electroplaques, but facilitated the subsequent excitation of cells 6 to 10 by a 
second homosynaptic volley. Nerve II, innervated cells 6 to 13. A single volley 
discharged cells 9 to 11, but facilitated the response of cells 6 to 8 and cells 12 
and 13 to a second volley from this nerve. Nerve trunk III excited cells 10 to 15, 
discharging cells 12 and 13 of these. External leads A, B, and C were the means 
used to identify these effects. (From ALTAMIRANO et al., 1953.) 





















































refractory, but after about 2-5 to 3 msec the response to the second 
stimulus grows larger than if it were not preceded by a previous 
conditioning volley, and rises at 10 to 15 msec to a flat peak which in 
the Sachs organ represents some 5 to 10 times more cells discharged 
by facilitation (ALTAMIRANO ef al., 1953) and in the main organ up to 
50 times more cells (ALBE-Frssarp and Cuaqas, 1954). The effect may 
be seen even in a cell which is discharged by the first stimulus (Fig. 16). 
The facilitated response rises earlier on the p.s.p., and is capable of 
discharging the cell synchronously even during the relatively refractory 
period (cf. also ALBE-Frssarp and CHaaas, 1955b). The time course 
of homosynaptic facilitation varies in different parts of the electric 
organ (ALBE-FrEssaRD and CHaa@as, 1954), but is characterized by an 


(24) This was noted by Sacus (Du Bois-Reymonp, 1881, p. 200) and was observed by 
ALBE-FESSARD et al. (1951la) and ALTAMTRANO et al. (1953). It has recently been studied 
in some detail by ALBE-FEssaRD and CHaaas (1954). 
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early, large component lasting about 50 to 80 msec, followed by a 
smaller residue (Fig. 23) which persists for more than 1 sec. There is no 
observable change in membrane potential during the facilitation 
(Fig. 16). 

Heterosynaptic facilitation, on the other hand, is small and brief in 
the Sachs organ, as is the facilitatory interaction between a direct 
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Fig. 23. The time course of homosynaptie facilitation in eel electroplaques and 
the effect on this of eserine. A strong conditioning neural volley excited the 
cells. A second, weak neural stimulus was evoked at various times thereafter. 
The height of the second response is shown (in millivolts) as the filled circles in 
B, that of this response in isolation (ca. 85 mV) is seen as the asymptote at the 
end of the curve. The percentile change of the response is shown in A. Some 
of the cells were refractory at about 5 msec interval between the stimuli, the 
test response being smaller than the control. A peak of facilitation, with the 
test response some 60 per cent higher than that of the control, developed 
between 10 and 40 msec after the conditioning stimulus, and fell to about 30 
per cent at about 80msec; but facilitation persisted more than 200 msec. 
Eserine (50 ug/ml) was then added. Twelve minutes later the drug had 
enhanced excitability to the testing volley, which produced a larger response to 
these in isolation (ca. 100 mV) seen as the asymptote to the upper curve of B 
(triangles). A larger amplitude of response was also produced on homosynaptic 
facilitation, but the time course of the facilitation was not significantly altered 
(A). The squares represent the facilitation 76 min after continued eserine 
action, when the drug had depressed neural excitability of the cells. Expressed 
in percentile terms, the relative facilitation was larger than previously, but the 
time course of the effect was the same. (From ALTAMTIRANO ef al., 1955b.) 


stimulus and a neural volley (ALTAMIRANO ef al., 1953, 1955a). These 
effects last about 2 msec. The main organ shows a somewhat larger 
amount of heterosynaptic facilitation between two neighbouring nerve 
trunks, but none between more distant nerves (ALBE-FESSARD and 
CHAGAS, 1954).(5 

(25) These authors also reported facilitation between direct and neural stimuli, but 
since have confirmed its absence (ALBE-FESSARD and CHAGAS, 1955b). 
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Long-lasting homosynaptic facilitation is also found in autonomic 
ganglia and, as in the electroplaque of the Sachs organ, heterosynaptic 
effects are small (LARRABEE and Bronk, 1947; JoB and LUNDBERG, 
1953). Transmission at the partially curarized endplate is likewise 
facilitated by a second neural volley (HorrmMann, 1903). Repetitive 
stimulation of the presynaptic nerve brings about a facilitation in 
muscle (FENG, 1941) and in motoneurons (LLoyp, 1949), termed by the 
latter ‘‘post-tetanic potentiation.” The facilitatory effect is not seen 
when the conditioning repetitive stimulation is delivered to one pre- 
synaptic pathway and the excitability of the motoneurons tested with 
a second. Antidromic activation of the autonomic cell also does not 
leave behind facilitatory effects for a subsequent synaptic stimulus. 
This experimental condition is similar to interaction of direct and syn- 
aptic stimuli in the electroplaque, in which brief facilitation is seen 
because of exceptional conditions (ALTAMIRANO ef al., 1955a). 

The differences observed between homosynaptic and heterosynaptic 
excitatory interactions have been ascribed (LARRABEE and BRoONK, 
1947; Luoyp, 1949: Hurrer, 1952: Josp and LuNDBERG, 1953) to 
increased effectiveness of the subsequent presynaptic stimulus, caused 
by the previous conditioning activity of the same nerve. The increase 
might come about by facilitated invasion of the impulse into pre- 
viously inaccessible terminals, or by an increase in the amplitude of the 
presynaptic spike as a result of residual hyperpolarizing changes in 
membrane potential after the conditioning stimulation. Facilitation 
might then result from a larger release of transmitter at the individual 
terminations or by involving a larger number of terminals.'?® 

An alternative suggestion considers the possibility of effects developed 
at the postsynaptic membrane (ALTAMIRANO ef al., 1955a; GRUNDFEST, 
1956b). In the eel electroplaque, the phenomenon of homosynaptic 
p.t.p. may be said to occur after a “‘tetanus” of one neural stimulus 
(Figs. 16, 23). The synaptic transmitter released by the neural volley, 


once having exerted its primary excitant action of causing the p.s.p., 


26) Most investigators of posttetanic potentiation (p.t.p.) apparently consider the 
presumed increase of the impulse as itself a sufficient cause for the facilitation, explicitly 
or implicitly accepting electrical transmission at the synapse. The peak of the spike of 
squid axons is not increased by hyperpolarization of the membrane, the overall increase 
of the impulse being caused only by its commencement from a lower starting level. If 
electrical transmission is excluded, p.t.p. as a presynaptic phenomenon requires the 
subsidiary assumption that more transmitter is released when the presynaptic terminal 
is hyperpolarized. Anodal polarization of the motor nerve facilitates the e.p.p. (DEL 
CasTILLo and Karz, 1954a), and this provides a basis for presynaptic facilitatory action 
in terms of a chemical transmitter mechanism. Hvurrer (1952) has presented what 
appears to be direct evidence for a presynaptic mechanism. While stimulation of the 
motor nerve produces a larger e.p.p. during the phase of p.t.p., the excitability of the 
endplate to acetylcholine is not increased. Therefore, the larger e.p.p. in the first case is 
presumably due to an increased amount of transmitter released on stimulation of the 
conditioned nerve. 
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might either persist at a low level of concentration or, combining with 
elements of the postsynaptic membrane, render the latter more excitable 
to subsequent release of transmitter by another neural volley. This 
facilitatory action should be spatially restricted, being largest at the 
sites of release of transmitter by the conditioning stimulus. The finding 
that heterosynaptic facilitation also exists in the main organ (ALBE- 
FrssaRp and CHaaas, 1954; noted also in the experiments of 
ALTAMIRANO eft al., 1953, 1955a), although absent in that of Sacus 
(ALTAMIRANO éf al., 1953) gives support to this interpretation, since 
the presumed presynaptic effects are then eliminated. Unfortunately, 
the kinetics of heterosynaptic facilitation have not as yet been studied. 
The presence or absence of heterosynaptic facilitation should be 
determined by the relative density and proximity of synaptic complexes. 
Presumably in the main organ these are sufficiently closely spaced so 
that transmitter released at one site reaches others innervated 
by a different nerve, and facilitates the excitatory action of the 
latter. (27) 

Absence of a change in membrane potential during the period of 
homosynaptic facilitation (Fig. 16) may be an artifact of the recording 
conditions, since small, localized postsynaptic depolarizations would 
tend to average over the entire membrane surface. However, it is also 
possible that an altered chemical state of the postsynaptic component, 
evidenced by increased responsiveness (or lowered threshold) to the 
transmitter, need not be associated with a depolarization, which is 


itself a response to a stimulus. The temporary lowering of threshold 
to a neural stimulus which is produced in eel electroplaques by eserine 
or prostigmine (ALTAMIRANO ef al., 1955b) is not accompanied by 


depolarization. 

The brief period of facilitatory interaction between a direct, electrical 
stimulus and a neural volley, on the other hand, is directly related to 
the membrane potential. The excitatory depolarization by the former 
sums with the depolarization of the p.s.p., but since both electrical 
effects are brief in the eel electroplaque, the facilitation is also brief 
(ALTAMIRANO et al., 1955a). The equally brief period of heterosynaptic 
facilitation (ALTAMIRANO ef al., 1953) in the electroplaques of the Sachs 
organ indicates that this effect is also exerted by the interaction of the 
depolarizations developed by each synaptic stimulus, and is a result of 
their electrotonically summed actions on the electrically excitable 
membrane. 


(27) The densely innervated electroplaques of Torpedo, each supplied by six distinct 
nerve trunks should prove an ideal system to test the merits of the different mechanisms 
proposed to explain homosynaptic facilitation. On the basis of the second it may be 
expected that large heterosynaptic facilitation should occur, while the contrary is the 
expectation if the facilitation is presynaptic in nature. 
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VI. 11. Nature of the synaptic excitant 

Facilitation helps to provide some information concerning the nature 
of the transmitter. Eserine and prostigmine in low concentrations 
increase the synaptic excitability of eel electroplaques (ALTAMIRANO 
et al., 1955b), although eserine eventually depresses and blocks the 
p.s.p. (ef. Fig. 23), while prostigmine does not. However, when these 
threshold changes were taken into account, the time course of homo- 
synaptic facilitation was found to be unchanged (Fig. 23), and this, 
together with the absence of change in the amplitude or duration of the 
p.s.p. by low concentrations of anticholinesterases (ALTAMIRANO et al., 
1955b) and their different modes of action in high concentration 
(Table 1, Figs. 17, 20) suggest that the synaptic transmitter of the eel 
electric organ is not acetylcholine. Injection of acetylcholine does not 
discharge the eel electric organ (ALTAMIRANO ef al., 1955b) although it 
does that of Torpedo (FELDBERG and FEsSARD, 1952). 

However, the high concentration of cholinesterase at the innervated 
surface of the electroplaque (CoucErrRo ef al., 1955a), and the correla- 
tion between exhaustion of acetylcholine and fatigue of the neurally 
excited organ (CHAGAS ef al., 1953a,b) point to the cholinergic nature 
of this synapse."8) A preliminary report (Harris and Mrranpa, 1955) 
states that homosynaptic facilitation is increased and prolonged by 
eserine. Furthermore, the depolarizing substances (Table 1) are of the 
type which exert this action at some cholinergic synapses. ‘The possi- 
bility therefore remains open that acetylcholine is the transmitter agent 
of the eel electroplaque. The transmitter agent of 7’orpedo is probably 
acetylcholine, and the electrogenic action of this substance on T'orpedo 
organ was one of the early demonstrations of that effect (IF ELDBERG 
and Frssarp, 1942). Narcine brasiliensis utilizes acetylcholine 
during electric activity (CHAGAS et al., 1953b) and it is therefore pre- 
sumed that the transmitter is cholinergic. No data are available as to 

8) Fatiguability of synapses, which is so prominent in electric organs of the larger 
and stronger emitters, is usually ascribed to exhaustion of transmitter store. In Narcine, 
acetylcholine resynthesis appears to be very slow (CHaGas et al., 1953b) as compared with 
that in Electrophorus (CHAGAS et al., 1953a). Fatiguability is conspicuously absent in the 
continuously emitting fishes (LIssMANN, 1951; CoarTss et al., 1954; CoucrrtrRo et al., 
1955b; ef. Fig. 9), which presumably do so throughout their lives. The mechanism of 
these rhythmic, very regular discharges is discussed in Section VIII. 

9) As noted earlier, Torpedo electric organ is probably not electrically excitable. 
Therefore conclusions based on the electrogenic action of acetylcholine on this tissue 
(e.g. NACHMANSOHN, 1955) cannot be warrantably applied as support for its electrogenic 
action in electrically excitable membrane. Although often stressed by the same author, 
neither does the linear relation between quantity of cholinesterase and voltage output of 
Electrophorus organ pieces demonstrate his conclusion. The voltage varies with the 
linear density of electroplaques in series array (Cox et al., 1945). The larger the number 
of innervated surfaces per unit length, the greater the voltage. However, the cholin- 
esterase is also concentrated at the innervated faces (CoucErRo et al., 1955a), and there- 
fore the linear relation between voltage and quantity of cholinesterase indicates nothing 
more than that the latter is uniformly distributed among the electroplaques. 
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Raia or Malapterurus. The muscular origin of the electric organ in the 
case of all but the latter fish tempts the conclusion that acetylcholine 
is the synaptic transmitter in all of these. 

Pharmacological data, at least in the present state of knowledge, do 
not provide decisive information about the nature of transmitters. 
For example, the curares are classical examples of agents blocking 
cholinergic synaptic systems. Yet, they also block many synapses of 
the mammalian central nervous system (Ostow and Garcra, 1949; Pur- 
PURA and GRUNDFEST, 1956a,b; GRuNDFEST and PuRPURA, 1956a,b), 
but there is doubt as to which of these react to cholinergic transmitters 
(cf. FELDBERG, 1950; FrELDBERG and WHITTERIDGE, 1955; BuRGEN 
and MacInrosH, 1955). Furthermore, synapses in different portions 
of the central nervous system, and even different peripheral systems 
known to be cholinergic, behave differently with respect to the curares 
and other blocking agents, and even different synapses on the same cells 
may be differently affected (PURPURA and GRUNDFES?, 1956a,b, and 
to be published). 


VI. 12. Nature of the postsynaptic membrane 
The pharmacological responsiveness of the eel electroplaque (CHAGAS 
and ALBE-FEssARD, 1954; ALTAMIRANO ef al., 1955b) is remarkably 
similar to that of the muscle endplate (cf. BuRNs and Paton, 1951; 
DALLEMAGNE and PHILIPPOT, 1952), and suggests that the postsynaptic 
membranes of both have similar molecular structures. The fact that in 
cardiac pacemaker cells (DEL CasTILLo and Karz, 1955c; Hurrer and 
TRAUTWEIN, 1956) the cholinoceptive®? synapse is inhibitory and 
hyperpolarizing (or repolarizing, KurFLeER and EyzaGurIrre, 1955) 
further indicates that the molecular components of both excitatory and 
inhibitory cholinoceptive postsynaptic membrane may have a common 
basic structure, modified somewhat to permit different electrogenic 
actions. The same kind of reasoning, based on the probable occurrence 
of adrenoceptive depolarizing or hyperpolarizing synapses in symmetri- 
cal inverse relation with cholinoceptive hyperpolarizing or depolarizing 
components, further suggests that the four classes of postsynaptic 
membrane— 

adrenoceptive cholinoceptive 

hyperpolarizing depolarizing 


depolarizing hyperpolarizing 


have closely similar molecular structures, with modifications in each 


class which determine the specific excitant and the electrogenic action 


‘30 Since cholinergic and adrenergic refer to the action of the presynaptic nerves or 
of the transmitter analogs, the different synaptic membranes will be identified as 
cholinoceptive and adrenoceptive (DALE, 1954). 


4] 





DISCHARGE OF THE ELECTRIC ORGANS 


(GRUNDFEsT, 1956b,d). An important new case in which the effects of 
dual autonomic innervation were studied with intracellular recording 
is that of the cat salivary-gland cells (LUNDBERG, 1955a). In some of 
these (Type Il), stimulation of the parasympathetic nerves causes 
hyperpolarization, while the response to sympathetic stimulation is 
depolarizing. Type I cells respond with hyperpolarization to both kinds 
of stimuli, which probably indicates that the postsynaptic membrane 
(gradedly responsive here, too) contains only one component excited by 
both transmitters. The same hyperpolarizing response was obtained 
on injection of adrenaline, acetylcholine or pilocarpine. Cells of Type 
III, on the other hand, are depolarized by both kinds of neural stimuli. 
Facilitatory action by adrenergic transmitters on the endplate is well 
known (ORBELI effect, ef. HurreR and LowEnsTEIN, 1955). Likewise, 
competitive actions between the excitant acetylcholine and adrenaline 
are found in sympathetic ganglia (MarrazziI, 1939) and muscle 
(DALLEMAGNE and Puiuiprpot, 1952). The implications of these 
relations with respect to the above suggestion are discussed elsewhere 
(GRUNDFEST, 1956b,d; ef. also Toman, 1955). 

When different types of p.s.p. are observed (as in motoneurons) it is 
generally taken for granted that these are generated by the action of 
different transmitters, released by nerves of different categories 
(cholinergic, adrenergic, etc.). This might not necessarily be the case. 
Since both hyperpolarizing and depolarizing responses to either 
acetylcholine or adrenaline are known, and these differences must 
reside in the nature of the postsynaptic membrane, it might also happen 
that acetylcholine liberated at one synapse of a cell would depolarize, 
while at another site it might act oppositely. As described earlier, the 
transmitter substances normally probably have only a limited zone of 
action. Therefore the existence of several types of p.s.p. can indicate 
the occurrence of different transmitters only if several subsidiary types 
of data (at present chiefly pharmacological) are also available. 

The two types of action of the substances listed in Table 1 have been 
explained by postulating a “receptor protein’? (ALTAMIRANO ef al., 
1955¢; Witson and NACHMANSOHN, 1954) which is presumed to be 
involved in all electrogenic activity, including that of the electrically 
excitable membrane. In view of the fact that these substances 
apparently exert their blocking or depolarizing action only at the 
postsynaptic membrane, although at least some of them (e.g. 
d-tubocurarine) also enter into the electroplaque, as denoted by effects 
to be described below, the assumption is as yet not justified.@” 

(31) The spatial configuration of the “receptor protein”’ is assumed to be such that the 
latter is only partially affected by tertiary ammonium compounds, which hence are not 
depolarizing. The quaternary configurations are assumed to combine more effectively 


with the “receptor”? to yield depolarizing changes. In the muscle endplate, neither 
d-tubocurarine nor pentamethonium depolarize, but reverse the effects of decamethonium 
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VI. 13. Nature of electrogenic action at synapses 
All the available evidence at present indicates that electrogenic 
activity of living cells is caused by changes in membrane permeability 
which operate against a substrate of electrochemical gradients 
(Hopexiy, 1951; Hopekin and Huxvey, 1952) determined by the 
metabolic activity of the cell (ef. BRown and Dante.uti, 1954). In the 
case of synaptic electrogenesis, however, the mechanism differs in 
detail from that causing the spike. This has been determined most 
clearly in the muscle endplate (Farr and Karz, 1951; DEL CAsTILLo 
and Karz, 1954b, 1955b), and in the motoneuron (Eccues ef al., 1954; 
Coomss et al., 1955a,b). The former system probably undergoes a 
general increase of permeability, leading to membrane depolarization 
as postulated by BERNSTEIN (1902), or to a level slightly below this 
(DEL CasTILLO and Karz, 1954b).°) The excitatory p.s.p. of the 
motoneuron appears to be due to a similar Bernstein depolarization, 
whereas the inhibitory potential is probably caused by a more selective 
permeability change either for Cl- or K* or both (Coomss et al., 1955b), 
the entry of anions and/or the exit of the cations tending to drive the 
membrane potential toward greater internal negativity. 

The data available on the eel electroplaque do not define the ionic 
changes associated with the p.s.p. However, the fact that this mem- 
brane can be completely depolarized by drugs (ALTAMIRANO et al., 
1955b) indicates that its electrogenic action also derives from a general 
increase of permeability. In Torpedo, which probably has only a 


synaptic response, the membrane resistance falls during the discharge 
(ALBE-FESSARD, 1950b). 

The development of external negativity at the innervated face of all 
the electrically inexcitable types of electroplaques except those of 
Malapterurus indicates that in all of these the response is a depolarizing 
p.s.p. If the correlation of the physiological data and the innervation 
of Malapterurus organ is correct, the response of this exceptional 


form must be an increase of internal negativity, or what would be an 
inhibitory p.s.p., if these electroplaques had electrically excitable 


(Burns and Paton, 1951). In the eel electroplaque only the first has been tested with 
similar results. On the other hand, a tertiary compound is depolarizing (DMEA: Table 1). 
As will be described below (Section LX) the ‘‘depolarizing’’ compounds have this effect 
only on postsynaptic membrane which responds with depolarizing electrogenesis. In 
oppositely electrogenic membrane the effect is of hyperpolarization. These compounds 
are therefore better designated as synapse activators. It is believed that certain 
strategic molecular configurations of drugs acting upon similarly strategic and specific 
structural sites of the membrane are responsible for drug actions. However, the relations 
between these molecular structures and pharmacological actions are as yet not clear. 

‘832) The increased conductances of all the major ions might occur with different 
kinetics. Were the rate higher in the specific case of Nat, an overshoot might then 
develop to give the appearance of a response resembling a spike. This will be discussed 
below in connection with the responses of Torpedo. 
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membrane to inhibit. The presumably different origin of these electro- 
plaques, from secretory gland cells of the skin, rather than muscle, has 
suggested (GARTEN, 1910; cf. also ROSENBERG, 1928; KeEyYNEs, 1956) 
that their reversed electrogenic response is associated with secretory 
action. LUNDBERG’s (1955a) finding that secretory activity of some 
salivary gland cells is associated with hyperpolarization supports 
this possibility. Selective ion movements of secretory cells are: 
Na* in frog skin (Ussrna, 1954) and Cl~ in gastric mucosa (HOGBEN, 
1955). 

The changes of ionic permittivity at the postsynaptic membrane 
induced by the specific stimuli of transmitters can be schematized as 
transducer action (GRUNDFEST, 1956b): 


Specific chemical > Change in membrane —» Membrane depolarization 
stimulus permeability or hyperpolarization 
(transducer action) (electrogenic action) 


Since the transducer action is not electrically excitable, the regenera- 
tive property which leads to the all-or-nothing spike is absent, and 
graded responsiveness is a characteristic of the activity. 

Presumably each molecular ‘“‘valve” or “‘carrier’” which becomes 
activated by the synaptic transmitter operates in an all-or-nothing 
fashion, and were one to probe that region with a “‘micro-molecular”’ 
electrode the membrane presumably would register at each “‘valve”’ 
region the electrode potential of the ion involved. However, electro- 
tonic spread of the effects of the individual changes averages into a 
potential which is usually smaller than full depolarization or hyper- 
polarization to the maximum level of the electrochemical potential of the 
ion involved. In the case of the Raia electroplaque the level of zero mem- 
brane potential is attained in the response (BRocK et al., 1953b).* 

The p.s.p. of the eel electroplaque does not alter conspicuously for a 
change in membrane potential of about 40 mV either way (Figs. 17, 19), 
whereas the e.p.p. of muscle or the p.s.p.’s of motoneurons are more 
readily affected by the membrane potential (Farr and Karz, 1951; 
Eccies et al., 1954; Coomss eft al., 1955a,b). The reason for this 
difference has not yet been adequately examined. The response of 
Torpedo electric organ is decreased on depolarization of the membrane 
and increased on moderate hyperpolarization (ALBE-FESSARD, 195la). 
Since these experiments were carried out with external recording from 
a large group of cells, the effects of variation in excitability of the nerves 
and a consequent variability in number of responding electroplaques 
could not be excluded, nor could the level of membrane potential be 


‘38) Tf the occasional observation of a few millivolts overshoot is not due to experi- 
mental errors, its occurrence might be accounted for by slightly greater rates of rise in 
the Na* conductance as discussed in VI, 14 (p. 47). 
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determined. However, the data are highly suggestive of the similar 
behaviour of endplates and neuronal synaptic membrane. The response 
decreases with increasing membrane depolarization and even reverses 
(Fig. 24; cf. pEL CasTiLLo and Karz, 1954b; Eccuns et al., 1954; 
Coomss et al., 1955b; BurkKE and GrysBora, 1955). Also (Fig. 17, p. 
69 of the paper) stimuli which do not elicit an electrogenic response 
nevertheless decrease the membrane resistance (cf. DEL CASTILLO and 





OS 





Fig. 24. Changes of the response of T'orpedo electric organ subjected to various 
Right: The portion of the organ produced 


strengths of depolarizing current. 
The response decreased with pro- 


about 12 V on discharge (upper record). 
gressively increasing depolarizing currents. Left: 
response without a depolarizing current (recording connections reversed from 
the previous set). An extremely strong current inverted the response. The 
graph shows three sets of experiments, the applied current on the abscissa 
and the ordinates representing the discharge voltage as a fraction of the initial 
response. In all cases the sign of the discharge was inverted with strong applied 
currents. This behaviour does not correspond with that of a spike, but can be 
ascribed to a p.s.p. (Composed from ALBE-FrEsSARD, 195la). 


The upper record is the 


Katz, 1955b). These data which appear difficult to explain if the 
response were a spike therefore support the view that the response of 


the Torpedo electroplaque is a p.s.p.°3” 

(34) ALBE-FESSARD (1952) has suggested that the synchronization of the response in 
various parts of the T'orpedo organ is due to combined action of neural factors and of a 
facilitation of excitability produced in cells not yet responding by cells which are 
already discharging. Such facilitation is unlikely even from electrical considerations. 
In the electric organ of all but Malapterurus the action current runs inward with reference 
This direction is not effective for the electrically 


to the responsive membrane (Fig. 7). 
In-series elements therefore tend 


excitable membrane of eel electroplaques (Fig. 13). 
to be anodally polarized. Only electroplaques in parallel may be facilitated, but their 
contribution to the total recorded voltage should be less than that of the in-series cells. 
On the basis of the view proposed here, that the response is postsynaptic (FESSARD, 
1952) and therefore not electrically excitable, facilitation would not occur by eddy 
currents, but would come about through heterosynaptic facilitations among the effects 
of the six nerve bundles innervating each electroplaque, and perhaps also of homo- 
synaptic facilitations in repetitive responses of different nerves. This matter cannot be 
resolved with the available data. 
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VI. 14. Magnitude of the p.s.p. in different electroplaques 


The small magnitude of the p.s.p. in eel electroplaques has been noted 
and discussed above. It was also pointed out that treatment of the cell 
with drugs can bring about full depolarization. Therefore, presumably, 
the neural volley releases relatively little transmitter and the trans 
mitter is probably also evanescent. The response of Raza electro- 
plaques, which are much more densely innervated than those of 
Electrophorus, is capable of full depolarization (Brock ef al., 1953b). 
In the Torpedines and Malapterurus the e.m.f.’s of individual cells 
may be roughly estimated from the maximal discharges of the animals 
and from the number of series elements (Table 2: ef. also ROSENBERG, 
1928; Frssarp, 1947). These values are very high and apparently 
contraindicate the synaptic nature of the response. 


TABLE 2* 


Series Maximal 
elements discharge 


. Electrophorus electricus ca. 6000 886 V ca. 150 mV 
20 mV 


110 mV 
Narcine brasiliensis .. 300 120 mV 


Malapterurus electricus .. 1600 220 mV 
200 50 V », 250 mV 


Raia clavata : » mee 
Torpe do Marmorata = 400 


3. Astroscopus guttatus 


* The sources for this table are given by Keynes (1956), except that the latter lists 
about 650 V as the maximal discharge of Electrophorus. That cited by ROSENBERG 
(1928) is used here. ROSENBERG (p. 900) estimated about 140 mV as the e.m.f. of the 
eel electroplaques, and Frssarp (1947, p. 24) estimated that of Torpedo electroplaques 


as 100mV. Gorcu and Burcu (1899) estimated the e.m.f. of Malapterurus electro- 


Jlaques at about 48 mV, but this involved the assumption that 2 columns of cells 
plaq I 


dovetailed. Otherwise their data yield a value of about 100 mV. However, all the data 
of older vintage (e.g. Du Bots-ReymMonp, 1881; Gorcn, 1900) give estimates which are 


too low. 


It will be noted that in the case of EHlectrophorus and Raia the 
e.m.f.’s calculated for the individual cells are similar to or lower than 
those directly determined, so that the estimates for the other electric 
fishes might actually be too low. Nothing is known about the electro- 
physiology of Astroscopus, which may have a spike response, nor 
are there relevant data available for Narcine, although its relation 
to the other Torpedines would suggest that the response should 
be a postsynaptic potential. The e.m.f. of 110mV calculated for the 
electroplaques of 7’. marmorata might indicate an especially high resting 
potential and full depolarization to this level as in Raia. However, 
Frssarp and Tavc (1952) obtained resting potentials of 45 to 60 mV 
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which would seem to indicate that the response of the 7'orpedo electro- 
plaque is greater than depolarization.“ The likelihood therefore that 
these cells respond with an overshoot cannot be dismissed. However, 
this response might still be a p.s.p., as all other types of data indicate 
it is. That might come about, as noted on p. 44 (footnote 33) if the 
heightening of sodium conductance occurred before the increase of 
K* or Cl- conductance. If the former process considerably preceded 
the latter events (as it does in the spike), a large overshoot might be 
obtained in a postsynaptic response. A crucial test of the nature of 
the response could be obtained from intracellular recordings of T'or- 
pedine electroplaques. If this is a p.s.p. it should be possible to grade 
the amplitude, particuiarly as each plaque is provided with six separate 
nerve supplies. Presumably this would not be the case in Malapterurus, 
in which a single axon is supposed to innervate all the cells of one side. 
However, in these, as in T'orpedo, the response might reverse under 
suitable change of electrochemical conditions. In the absence of intra- 
cellular recordings and of further knowledge concerning even the nature 
of the response of Malapterurus we can resolve this matter no further. 


VI. 15. Form of the p.s.p. 

Nor can the nature of the responses, whether these are spikes or p.s.p.’s 
in the cases discussed above, be resolved by considering their durations 
(cf. Fessarp, 1947). The densely innervated electroplaques of the 
Torpedines probably respond maximally to stimulation of their nerve 
trunks. In Torpedo and in Malapterurus the response lasts about 2 to 
3 msec (Fig. 8), and therefore has the appearance of a spike, in com- 
parison with the long-lasting potential of Raia (ca. 20 msec, Fig. 12). 
However, the p.s.p. of Hlectrophorus is as brief as the spike (Fig. 14), in 
contrast with the long p.s.p.’s of neurons, muscle, or secretory cells of 
the cat. The duration of the p.s.p. of the squid giant axon is also short 
(BuLLOocK, 1948; BuLLock and Hagiwara, 1955). 

Transmitter action, until better known, provides too much flexibility 
in conditions to determine precisely the reason for the existence of 
long and short p.s.p.’s. Farr and Karz (1951) and Eccues and his 
colleagues (Brock ef al., 1952; Eccues et al., 1954; Coomss et al., 
1955a,b) have made the reasonable assumption that, if the transmitter 

(85) A resting potential of60 mV has also been obtained in ourexperiments (unpublished 
work with Dr. C. Y. Kao). Errors in measurement of resting potential are not to be 
minimized. Even in simple cases such as squid or lobster giant axons, the spread of 
observed resting potentials is rather high (e.g. GRUNDFEST et al., 1954; Toptas, 1955), 
and similar findings are observed whenever the data are sufficiently extensive (e.g. 
BuRGEN and TrrrRovux, 1953; FRANK and Fuortss, 1955). The extreme cases are those 
in which no resting potential is observed, as in marine eggs (e.g. ROTHSCHILD, 1938; 
LUNDBERG, 1955b; cf. GRUNDFEST ef al., 1955; TyLeER et al., 1956). Even though the 
latter workers found a resting potential in Asterias eggs, this declined rapidly from a 
maximum value of about 65 mV to about 30 mV. 
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is released suddenly and acts for a brief time, the p.s.p. becomes 
essentially a ballistic response. The amplitude would then be deter- 
mined by the quantity and potency of the transmitter, but distorted 
somewhat by the electrical-circuit properties of the membrane, 
including averaging by electronic spread. The decay of the response 
should reflect the time constant of the passive circuit of the resting 
membrane resistance and capacity. This seems to be approximately 
the case for the e.p.p. and the p.s.p.’s of neurons. However, the time 
constant of the eel electroplaque is very brief (ca. 0-1 msec; KEYNES 
and Martrins-FERREIRA, 1953) while that of the squid giant axon is 
about 1 msee (cf. Cote and Curtis, 1950), yet the durations of the 
p.s.p.'s (about 2 to 3 msec) are similar in both. 
Prolongation of transmitter action at the muscle endplate by 
anticholinesterases leads to prolongation of the e.p.p. (Farr and 
Katz, 1951). This is not the case in eel electroplaques. In the former, 
also, deprivation of Na* results in a more prolonged response, but 
comparable data on the electroplaque are as yet lacking. ‘3° 


VI. 16. Transfer of excitation from the postsynaptic to the electrically 
excited membrane 

Although the principle is the same as that observed in the frog muscle 
fibre (Farr and Karz, 1951; Nastuk, 1953a) somewhat more detail 
is available from a study of the process in the eel electroplaque, because 
it is possible to grade the p.s.p. by varying the strength of the neural 
volley (ALTAMIRANO ef al., 1955a). The p.s.p. generates a local response 
in the immediately adjacent electrically excitable membrane (Fig. 25). 
The two graded potentials combine, normally being so fused as to be 
indistinguishable. However, the local response is subject to the 
refractoriness of the cell, whereas the p.s.p. is not. The local response 
therefore arises later and becomes smaller as a neural volley arrives 
successively earlier during refractoriness of the electroplaque, and 
finally disappears during absolute refractoriness. The ‘‘pure’’ p.s.p. 
then remains. 

Graded stimulation of the nerve supply leads to graded, perhaps 
quantal, responses (cf. Farr and Karz, 1952) of the postsynaptic 
membrane (Fig. 26). These accumulate as the stimulus is increased 
and eventually become large enough to elicit a local response and a spike. 
Gradation of the p.s.p. is also observed in motoneurons (BROCK et al., 


(86) Presumably, choline or other complex ions substituting for Na+ can penetrate 
the cell membrane. Otherwise, were K+ and Cl~ alone mobile, the e.p.p. should reverse 
to hyperpolarization, or become insignificant if the resting membrane is already near 
the equilibrium potential for the two ions. Permeability of such ions through the 
excitable membrane of some nerve fibres (LORENTE DE NO, 1949), but not of others, 
would also account for the responses observed in the former on sodium deprivation 
substituted by the organic molecules. 


48 





SYNAPTIC EXCITABILITY 


1952; KEccuss et al., 1954; Coomss, ef al., 1955b,ce,d; EcoLes, 1955), 
and in secretory cells (LUNDBERG, 1955a). Quantal “‘miniature’’ 
responses (Fatt and Karz, 1952; peL CastTiLLo and Katz, 1955b) 
have not been observed as yet in the eel electroplaque. However, the 
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Fig. 25. Transfer of excitation in the evel electroplaque from the p.s.p. to the 








electrically excitable membrane via local response. The cell was not discharged 
by the strong neural volley, but a p.s.p. potential was evoked (H). However, 
the depolarization was composed of two elements, the p.s.p. itself and a graded 
response in adjacent electrically excitable membrane. The latter disappeared 
(A, B) when the neurally evoked response fell during the absolutely refractory 
period following a previous response, although the p.s.p. remained and is 
visible on the falling phase of the conditioning spike. When the neural volley 
arrived during relative refractoriness of the cell a late component of graded 
response could develop (C, D). During further recovery of the cell the graded 
response developed earlier on the p.s.p. (2, /), fusing with the latter (@). 
Calibrations 100 mV and msec. (From ALTAMIRANO et al., 1955a,) 
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Fig. 26. Transfer of excitation from the p.s.p. to the electrically excitable mem 

brane; gradation of the p.s.p. up to a critical level of depolarization for 

initiating a graded response and spike. A weak stimulus to the nerve produced 

a small component of p.s.p. (4) to which a stronger stimulus added a second 

quantity (B). The p.s.p. reached almost the critical firing level in C, exceeded 

it in D, and was just adequate in #. Calibration 10 mV and msec, 
(From ALTAMIRANO et al., 1955a.) 


distribution of synaptic sites in the latter, probably punctiform and 
dispersed in comparison with the massive synaptic region of the end- 
plate, would make observation of “miniature” p.s.p.’s difficult in the 
eel electroplaque. The Torpedine cells, on the other hand, should 
provide good experimental material for this problem.” 

(37) The evidence of Karz and his colleagues (Farr and Karz, 1952; bet CasTILLo 
and Karz, 1956) indicates that quantal miniature e.p.p.’s are discharged by small 
releases of transmitter from the presynaptic terminals. However, attention might also 


focus on the possibility that thermal agitation of the postsynaptic membrane could 
also cause occasional molecular configurations of the latter which would permit ionic 
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The dispersed distribution of p.s.p.’s in the eel electroplaque also 
limits their ability to ‘‘short circuit” the spike and deform it as occurs 
at the endplate region of the muscle fibre (Farr and Karz, 1951; DEL 
CasTILLo and Karz, 1954b). The latter effect is essentially a poising 
of the membrane potential at the endplate region about the level of a 
nonselective diffusion potential (DEL CastTmLo and Karz, 1954b), 
requiring a concentration of postsynaptic membrane which is not 
available in the eel electroplaque.@*® 


VII. Furrner Derarits oF THE ELECTRICALLY 
EXCITABLE RESPONSE 

The foregoing account of the discharge of single units of the eel electric 
organ has now made a full swing from the spike of the denervated, 
electrically excitable membrane to that elicited by synaptic excitation 
in the normal cell. As pointed out earlier, the latter spike in no way 
differs from the former. However, several factors provide some 
additional information on the electrically excitable response of the eel 
electroplaque which are not as easily observed in other cells. The slow 
conduction rate of the spike in the electroplaque indicates that the 
characteristic length of the membrane is very short (Karz, 1939; 
Hopekrn and Rusutron, 1946) in comparison with the length of the 
cell. This is borne out by the absence of electrotonic pickup of activity 
about 2 mm from a still-quiescent region (Fig. 13, etc.). The size of the 
cell also easily permits insertion of several microelectrodes to study 
experimentally) simultaneous electrical effects which might occur in 
the cell in its normal physiological state (ALTAMIRANO et al., 1955a), 
or under the special conditions of drug action (ALTAMIRANO ef al., 1955b). 
These particular advantages of the eel electroplaque, as experimental 
material, have disclosed that the electrically excitable membrane 
responds electrogenically in two modes, the all-or-nothing, and the 
graded from minimal to the maximal e.m.f. of which the cell is capable 
(ALTAMIRANO et al., 1955a; cf. also ALTAMIRANO and GRUNDFEST, 
1954; GRUNDFEST, 1956a). 


flows and minimal responses. The persistence of such responses when the presynaptic 
terminals are presumably fully depolarized (pEL CasTrILLo and Karz, 1955b) would seem 
to indicate the possibility of this condition (cf. also Lrney, 1956). 

(87a) LetTrvIn et al. (1956) have shown with an ingenious technique that the antidromi- 
cally evoked spike of cat motoneurons is reduced in amplitude by the simultaneous 
development of a p.s.p. in the cell. The magnitude and time course of this reduction 
presents an inverted image of the p.s.p. itself. This may be interpreted as an inversion 
of the p.s.p. such as would be expected during the reversed polarization of the overshoot 
of the spike (pEL CasTILLo and Karz, 1954b). This finding therefore constitutes a new 
demonstration that the p.s.p. of cat motoneurons develops in membrane which is not 
electrically excitable. 

‘88) Other physiological and physical factors such as the possibility for delivering 
graded stimuli directly or through neural pathways, and the properties of a plane-surface 
excitable membrane, were discussed briefly by ALTAMIRANO e¢ al. (1955a). 
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VII. 1. Graded response during refractoriness 

As the electroplaque recovers from absolute refractoriness, a strongly 
supraliminal stimulus at first elicits a small response localized to the 
stimulating site. The response grows in amplitude rapidly (Fig. 27; 
ef. also Fig. 16), but remains decrementally propagated to more distant 
loci even though it develops an overshoot. Transition from decre 
mental propagation to the all-or-none condition of the decrementlessly 
propagated spike occurs suddenly, usually with no observable change 








Fig. 27. Graded response in eel electroplaque during early relative refractori- 
ness. A strong direct stimulus was used to test responsiveness of the cell after a 
previous conditioning stimulation. The cell was in absolute refractoriness 
during the conditioning spike (4, B). Later (C) a response with overshoot 
occurred at the recording site (1) near the stimulating locus, but no activity 
developed at the distal site (2). Somewhat later still ()) the stimulus evoked 
a large response at 1, but very small depolarization at 2. Propagation developed 
later in recovery (/), but still in relative refractoriness as denoted by the 
smaller delayed spike in comparison with the control (/’) (ef. also Fig. 16). 
The transition from graded, decrementally propagated responsiveness in D to 
the decrementless, all-or-nothing variety (/) occurred with almost no change 
in the amplitude of the response at site 1. Calibrations 100 mV and msec. 
Distances 0-59 and 2-13 mm. (From ALTAMTRANO et al., 1955a.) 


in the form or amplitude of the response. The same sequence of events 
also is disclosed when the testing stimulus is a maximal neural volley 
following a directly elicited conditioning spike (Fig. 16). 


VII. 2. Graded responsiveness induced by chemical treatment 

The disclosure of graded responsiveness gains theoretical importance 
from the behaviour of cells poisoned with the nondepolarizing synaptic 
blocking agents (Table 1, Figs. 28 and 29). When the neurally evoked 
response is no longer elicited, the cell remains electrically excitable 
(Du Bors-Reymonp, 1881, p. 202; CHAGAS and ALBE-FESSsARD, 1954: 
ALTAMIRANO et al., 1955b). However, the character of the response 
alters (ALTAMIRANO ef al., 1955b), becoming graded and decrementally 
propagated (Fig. 28). Strong stimuli evoke a response which in form 
and amplitude is identical, or nearly so, with the normal spike. Spread 
of increasingly strong stimuli along the excitable plane membrane 
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elicits maximal activity at successively more distant regions, eventually 
activating the whole cell. The appearance of these maximal responses 
recorded simultaneously at two sites is then identical with that of the 
normal spikes (Fig. 28). 

Nor is it necessary to employ strong stimuli to elicit maximal 
responses (Fig. 29), since direct excitation of the eel electroplaque 
leaves behind a period of enhanced excitability lasting about 300 msec 

A 











rat, 
_— 





Fig. 28. Graded responsiveness following chemical treatment of the eel 
electroplaque. The initial responses of the cell to a direct stimulus are seen in 
K. After poisoning the cell with 1 mg/ml eserine the stimulus evoked only a 
small response at the proximal site, nothing at the distal site. Increasing 
strength of stimulation increased this response (B-—D), still with no distal 
activity. The latter began to develop with stronger stimuli, showing the full 
range of gradation (/—J/), but the response at the proximal site remained 
essentially unchanged, although arising with briefer latencies. The responses in 
J are almost of the same amplitude as are the spikes of the unpoisoned cell K. 
The resting potential remained unchanged throughout. Calibration 100 mV 
and msec. Distances 1 mm and 1-85 mm. (From ALTAMIRANO et al., 1955b.) 


(ALTAMIRANO ef al., 1953). Stimulation of the poisoned cell at 5/sec 
with slightly subthreshold stimuli then elicits responses increasing 
gradually from a small amplitude to activity which approximates the 
normal spike (ALTAMIRANO ef al., 1955b). 


VII. 3. Nature of graded responsiveness 

Increase of local response during relative refractoriness was observed 
by Hopexrn (1938) and appeared to be satisfactorily accounted for by 
the ionic theory (Hopa@Krn and Huxtey, 1952). It was suggested that 
increased potassium conductance during the recovery period and 
persistent sodium inactivation should result in a response in which the 
inward flow of sodium does not sufficiently exceed the outward potas- 
sium flow to initiate regenerative action or propagation by local circuit 
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excitation. This explanation may be adequate for the squid giant 
axon, since during relative refractoriness the membrane potential is 
larger than the resting value and is consonant with high potassium 
outflow." However, the response of the eel electroplaque does not 
Furthermore, the 


exhibit a hyperpolarizing phase (e.g. Figs. 28, 29). 
ability of the recovering electroplaque to develop a nearly maximal, 
but graded, decrementally propagated response implies that sodium 
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All-or-nothing and graded responses of eel electroplaques elicited by 


Fig. 29. 
Consecutive records (from above 


latent addition of excitatory effects. A. 
down) at 5/sec using a weak, direct stimulus. Two traces are in each record, 
the upper and longer being the zero reference base line on which is also a 
monitor of the stimulus. The trace below, deflected by the resting potential, is 
that of the microelectrode lead. The repetition of weak stimuli increased 
excitability of the cell by latent addition, which lasts about 300 msec. An all- 
or-nothing spike arose suddenly. B-B’: A similar sequence but 88 min after 
treating the cell with 500 g/ml eserine. The stimulus was somewhat stronger, 
but as before was maintained at constant amplitude. The graded response 
visible on the first record of the series increased at first slowly and then more 
rapidly, showing the range of gradation up to a spike-like response (although 
smaller than the latter) at the termination of the series. The resting potential 
was unchanged during the entire experiment. Calibration 100 mV and msec. 
(From ALTAMIRANO et al., 1955b.) 


‘8) This holds only during the early phase of the hyperpolarization of the squid 
giant axon. The later portion is associated with increased membrane resistance and 
therefore with a lower K+ outflow than in the resting state (SHANES e¢ al., 1953), and is 
probably a consequence of the hyperpolarization itself (AMATNIEK et al., to be published). 
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influx at this stage is about as large as in the normal cell and must 
temporarily far exceed the potassium outflow. Also, the gradedly 
responsive poisoned cells do not undergo depolarization which is the 
presumed cause of heightened sodium inactivation. 

For these reasons, one or more other membrane processes must be 
postulated in addition to those of the ionic theory. Their existence 
also in other cells, including the squid and other giant axons, has been 
indicated by the finding of spike-like, but decrementally propagated 
response (GRUNDFEST and Kao, 1955; Kao and Grunprest, 1955; 
GRUNDFEST, 1956b). The nature and kinetics of these events are not 
as yet known. The regenerative process of the all-or-nothing response 
appears to be broken temporarily during refractoriness, permanently 
when the electroplaque or axon is poisoned with the non-depolarizing 
drugs. This suggests that regenerative involvement of sodium “carrier” 
or “‘valving”’ units of the electrically excitable membrane is impaired, 
these becoming not inactivated, but less easily responsive, to the stim- 


ulus of membrane depolarization. On the basis of this suggestion, the 
elements of the normal cell membrane have nearly identical thresholds 
for the triggering of their transducer action. During recovery from 
refractoriness these thresholds might have different recovery kinetics. 
With different sensitivities to the poisons a similar spread of thresholds 
would develop (GRUNDFEST, 1956b,d).9® ; 

The above suggestion, though qualitative at the present time, is 


equivalent to the assumption that the amplification factor of the 
membrane transducer is high in the normal case, but low in the 
gradedly responsive membrane. An electrical analogue of this condition 
can be obtained in monostable electronic circuits. Operating at low 
loop gain, and with a.short time constant of coupling, the circuit 
responds in a fully graded manner to increasing trigger pulses (Fig. 30). 


VIL. 4. Graded responsiveness in other electrically excitable cells 

The analogy, of course, does not provide a clue to the specific nature of 
the membrane events which cause graded responsiveness in living 
tissues. The reality of the phenomenon and its existence as one form of 


‘3%8) "This interpretation, that graded responsiveness is caused by an altered distribu- 
tion of the thresholds of the population of electrogenic units (valves) of the electrically 
excitable membrane, accounts for an interesting recent finding (ALTAMTRANO, 1956a). 
Although a poisoned eel electroplaque responds gradedly to a punctate electrical 
stimuli, as in Figs. 28 and 29, its response appears to be all-or-none under conditions of 
“space clamping” (i.e. the entire membrane is stimulated at once by massive electrodes). 
Everywhere in the membrane all the low-threshold elements of the electrogenic popula- 
tion should then be excited simultaneously. This should produce sufficient general 
depolarization to trigger the response of the next most excitable elements, etc., leading 
to the spikelike appearance of the activity. It may be noted, incidentally, that each 
electrogenic “‘valve”’ or “‘pore”’ of the electrically excitable membrane appears to switch 
temporarily under the trigger of depolarization from sensing the ‘potassium potential” 
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normal electrically excitable responsiveness appears to be well 
established. ‘‘Functional refractoriness” of vertebrate axons has been 
studied extensively (ROSENBLUETH ef al., 1949). This stage is associated 
with graded responsiveness in the squid giant axon (GRUNDFEST and 
Kao, 1955; Kao and Grunprsst, 1955), in earthworm and crayfish 
giant axons (Kao and GrunpDFEst, 1956, and to be published), and in 
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Fig. 30. An electronic analogue of graded responsiveness. Left: A monostable 
circuit was modified to permit variation of the overall amplification, by the 
resistors between the cathodes of the 12AU7 tube. The output capacitor 
increased the rise time of the output pulse and shaped it to resemble somewhat 
the spike of an electroplaque. The lower record on the right, a series of multiple 
responses under conditions when a “‘local response”’ developed on increasing the 
trigger pulse and then erupted into a “‘spike.”’ Upper set: Decreasing the 
overall loop gain of the circuit produced output pulses which were completely 
graded in amplitude. Time in milliseconds. 


sardiac fibres (HOFFMAN and Kao, 1956). The occurrence of ‘‘abortive”’ 


spikes was noted by Hop@krn (1938) in single axons, and is frequently 
seen in the squid giant fibre, and elsewhere (cf. Fig. 14), including the 
partially curarized muscle fibre (EccLEs and O’Connor, 1941). Many 
invertebrate muscle fibres appear to respond only gradedly to direct 
stimulation (e.g. HAGrwAaRA and WATANABE, 1954; FuRSHPAN, 1955; 
ef. ALTAMIRANO ef al., 1955a). Some mammalian smooth muscle is 


similarly responsive. 


to reflecting approximately the “‘sodium potential.’? Thus, an assembly of unitary, all- 
or-none responses can nevertheless manifest a graded response by virtue of a distribution 
of the population with respect to thresholds. Similar conversion of all-or-none unitary 
responses into quantitatively graded ensembles occur in other systems as well (e.g. 
hemolysis of red cells). 

(40) Graded responsiveness in these probably was the condition which led to the view 
that they were not electrically excitable (cf. RosenspiturtrH, 1950). This is particularly 
evident in the behaviour of uterine muscle. During the anoestrous phase only local 
responses are observed (BozLER, 1941), whereas during the oestrous the responses are 
propagated and presumably all-or-nothing. The two conditions can be brought on at 
will by hormonal treatment (BozLER, 1941; Csapo, 1954). Poisoning striated muscle 
with procaine (which in the eel electroplaque acts similarly) causes loss of propagated 
responsiveness, but leaves the muscle capable of contractions localized to the stimulating 
cathode (STen-KnupsEN, 1954). Alteration of responsiveness in nerves from the 
all-or-nothing to the gradedvariety was probably responsible for the earlier conclusion 
(e.g. BuLLOcK et al., 1947) that deprivation of cholinesterase eliminated their electro- 
genic responsiveness. As in the eel electroplaque (ALTAMIRANO et al., 1955b) treatment 


~ 
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VILL. ParricrreaTion OF THE SEVERAL ELECTROGENIC 

COMPONENTS IN THE REFLEX DISCHARGE 
The information available on central control mechanisms of electric 
fishes does not, as yet, permit detailed analysis of their actions although, 
as described earlier, some problems relating to reflex discharges have 
been satisfactorily explained. It is not known, for example, whether 
the neuronal complexes of the fish central nervous system are endowed 
with inhibitory as well as excitatory processes, although the presence 
of the former is to be suspected from indirect evidence (ef. footnote 7, 
p. 10). The frog nervous system is so endowed, and this case appears 
to have been the earliest demonstration of central inhibitory systems 
(SECHENOV, 1863). 

It is also unknown whether the electric organs have regulatory 
feedback mechanisms. Indeed, the absence of mechanical response 
in electric organs would make it difficult to envisage the types of feed- 
back regulation so exquisitely developed for control of muscular 
activity (KUFFLER and Hunt, 1950; ef. Granir, 1955). Yet the 
extraordinarily stable frequencies of the constantly emitting fishes (Fig. 
9) strongly indicate that some type of control must be operating, and 
furthermore the contrast between these electric fishes and the normally 
quiescent must be ascribable to specific mechanisms. The properties 
of the synaptically and electrically excitable electrogenic membranes, 
their proportions in various electric organs, and the amounts of innerva- 
tion of the different electroplaques, can account for some of the differ- 
ences in the types of responses reflexly initiated in various electric 


organs. 


VIL. 1. Klectrophorus 

The role of local electrogenic mechanisms may be expected to be 
somewhat more complicated in the reflex activity of the individual eel 
electroplaque than in the reflexly initiated behaviour of the electro- 
plaque’s relative, the skeletal muscle fibre. This derives from their 
different modes of innervation. The muscle fibre is frequently inner- 
vated at several loci (Karz and Kurrier, 1941; Hunt and Kurrier, 
1954), but each endplate is presumably always supplied by one nerve 
fibre. It is conceivable that a single impulse in one or the other inner- 
vating axon does not fire a muscle fibre, but these cases must be rather 
rare since they are not noted in the literature.“") On the other hand, 


of squid giant axon with eserine leaves it gradedly responsive (GRUNDFEST and Kao, 
1955; Kao and Grunprest, 1955, and unpublished). 

41) It would be rather difficult to tell except in special preparations. Some of the 
diffusely and multiply innervated, gradedly responsive invertebrate fibres (cf. Farr 
and Karz, 1953) or vertebrate fibres (cf. BURKE and GINSBORG, 1955) may be expected 
to have nerve supplies of different synaptic potency. 
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the eel electroplaque does not seem to discharge by the impulse of any 
one of its supplying nerve fibres, since small, subthreshold p.s.p.’s are 
seen with weak neural stimulation (Figs. 14, 26). Indeed, some nerve 
trunks do not discharge the cell even when they are maximally stimu 
lated (Figs. 22, 25). This also occurs in the whole animal, particularly 
in the main organ which, as noted earlier, discharges weakly to an 
initial stimulus while subsequent responses become stronger or maximal 
through facilitation. The reflex discharge of the intact fish shows this 
effect (Fig. 8). The responses are initiated with a small potential, 
probably composed of the activity of a small number of cells of the 
discharge zone (Fig. 22), but to which the p.s.p.’s of the entire organ 
must also contribute (ALTAMIRANO ef al., 1953). The subsequent 
responses are maximal, within the large error of the observations. 


VILL. 2. Malapterurus and Torpedo 

The reflex discharges of these fish seem to be devoid of initial gradations 
(Fig. 8). Innervation of each electroplaque by a single nerve fibre, 
and of all the cells of the half-organ by the same fibre, makes the 
situation in Malapterurus somewhat like that in a motor unit of skeletal 
muscle. As noted earlier, it is likely that graded responses would be 
obtained from Torpedo electroplaques if their individual nerve fibres 
were separately stimulated. However, the densely distributed multiple 
innervation of the cells (Figs. 1 and 6) probably assures a maximal 
discharge of the organ in the intact animal, despite the likelihood that 
this response is a p.s.p., not a spike. 


VIII. 3. Repetitively discharging organs 

While the details of their activity are not as yet known, the high rate 
of discharge in some of the fishes (Fig. 9), its regularity, and central 
control, is worthy of analysis in terms of the underlying electrogenic 
mechanisms. In the eight species studied thus far in this laboratory 
(CoaTEs ef al., 1954; unpublished work with Mauro and AMATNTER), 
the responses of the whole animal are remarkably constant in ampli 
tude. Since the number of electroplaques is small, as indicated by the 
small total voltage of the discharge and by preliminary anatomical 
studies, it is likely that all, or nearly all of the cells participate in each 
discharge. It seems probable that the repetitively discharging cells are 


capable of this behaviour because of a low rate of sodium inactivation 


and the associated “‘slow adaptation.’’() 
Examples of different degrees of ‘‘adaptation”’ studied in correlation 
with the membrane potentials are now available. The single autonomic 


2) As used here, “sodium inactivation” perhaps includes more than was intended 
by Hopaktn and Huxtey (1952), since it envisages effects sometimes developing over 
very long periods of time in comparison with the time scale in their experiments, It is 
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ganglion cells of the rabbit cannot follow with spikes synaptic activa- 
tions at rates above about 80/sec (EccLEs, 1955). Even at this rate, 
the spikes are strongly depressed (loc. cit. Fig. 8). At shorter intervals 
between the synaptic stimuli an initial spike of the cell is followed by a 
second depressed discharge and then by small modulations, perhaps of 
graded responses (as in Fig. 17) superimposed on a depolarization of 
about 40 mV developed by summation of the p.s.p.’s. Except for the 
time scale and the number of discharges, the behaviour of the rabbit 
ganglion cell resembles that of a slowly adapting crayfish stretch 
receptor depolarized by successively stronger stretch stimuli (Eyza- 
GUIRRE and Kurr ER, 1955a, Fig. 9). In both cases it is likely that the 
same mechanism is operative, that of sodium inactivation. In the 
ganglion cell, this process strongly developed by depolarization would 
operate to block quickly a repetitive discharge.“ A slower onset of 
inactivation for the same degree of depolarization would permit the 
crayfish stretch receptor to discharge continuously for a considerable 
time. Differences in ‘“‘adaptation” of the gamut of sensory cells studied 
for this phenomenon may be similarly explained, as an effect upon 
electrically excitable membrane having different kinetics of inacti- 
vation.) 

Depolarized by a sustained applied stimulus, the abominal ganglion 
cell of Aplysia also exhibits repetitive activity (Tauc, 1955). At the 
end of each spike the membrane potential temporarily undershoots the 


depolarized level, descending toward the resting potential, as is also 


used in preference to ‘“‘accommodation”’ for two reasons. The attempt to attach a more 
specific mechanism to the phenomenon of accommodation should provide a challenge 
for future experiments. Furthermore, “‘adaptation”’ and ‘“‘accommodation” are applied 
to many other phenomena, including those presumed to occur in sense organs. The 
emphasis here is that the phenomenon basically occurs in the electrically excitable 
action generator. The membrane which is not electrically excitable, whether in the syn- 
aptic structures or in the sense organs (ef. GRUNDFEST, 1956b,d) probably is not subject 
to “accommodation” or ‘‘adaptation.” Thus, the depolarized eel electroplaque still 
generates the p.s.p. when it becomes electrically inexcitable (Fig. 17). A low critical 
depolarization for discharging the spike may serve as a contributory factor to a slowed 
rate of ‘‘accommodation” by sodium inactivation, the discharging spikes tending to 
keep the membrane potential at a less depolarized level (cf. EyzAGUIRRE and KUFFLER, 
1955a; peEL CasTILLo and Karz, 1955c; and below). 

(43) The axons of cat sympathetic ganglia can discharge at a high rate to repetitive 
stimulation (GRUNDFEST and GassER, 1938), and it is probable that the fibres of the 
rabbit can do so also. Although repetitive direct stimulation presents a somewhat 
different situation from that of sustained depolarization by summated p.s.p.’s, in 
the cat the negative after potentials summate during a train of responses to cause 
steady depolarization. C fibres also have slow ‘‘accommodation.’’ These various facts 
indicate the possibility that the cells and axons may have different kinetics of inactiva- 
tion. The effect observed by R. M. Eccrrs (1955; Fig. 8) is strictly that of classical 
Wedensky inhibition (cf. GRuNpDFEstT, 1956d). 

(44) Tt is not intended to rule out other mechanisms for adaptation: (a) In the rapidly 
adapting crayfish stretch receptor, the depolarization of the soma to a sustained stretch 
of the dendrites steadily decreases (EyZAGUTRRE and Kurruer, 1955a). When the level 
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the case for the crayfish stretch receptor (EyzAGuIRRE and Kurruer, 
1955a,b) and the frog muscle fibre (cf. THesLerr, 1955a; Fig. 7). The 
membrane potential then returns at a slow rate which is characteristic 
of the long time constant of the Aplysia cell membrane, and a new 
spike develops. However, continued depolarization of the membrane 
decreases the amplitudes of the spikes and their rate of onset, both 
phenomena which can be accounted for by inactivation. An example 
of tissue which seems to have no inactivation is probably provided by 
the pacemakers of cardiac muscle. Under the stimulus of a steady 


depolarization, derived from an as yet unknown source, the membrane 


undergoes rhythmic discharges which also involve a temporary under 
shoot of membrane potential (ef. pen Castinto and Karz, 1955e: 
Hvurrer and TRAuTWEIN, 1955), 

Repetitive discharges sustained for various periods of time are also 
seen in various types of axons, and the frequency of discharge may be 
correlated with the time constants of their membranes, including the 
rate of growth of the local response (cf. HopaKry, 1948) as well as with 


falls below that required to fire the electrically excitable membrane, the cell c 
discharge spikes. Whether the effect is due to a decrease of the generator potential 


the mechano-transducer terminals (e.g. by a mechanism of ‘“‘differentiation’? such as 


those discussed by Karz, 1950, for the muscle spindle) or is secondary (e.g. by a change in 


the membrane properties of the dendritic stem resulting in a smaller length constant for 
electrotonic transmission) is not known. ()) Continued response to a sustained stimulus 
of transmitter from a specialized receptor cell, as apparently 


might also deplete the stock 
However, the slowly adapting 


happens in repetitive neuro-muscular transmission. 
crayfish stretch receptor is an example with directly observed electrical 
) exp! inations, and this is pro 


properties which 


do not lend themselves to either of the above alternativ 

bably also the case with the frog spindle (Katz, 1950). 
A query may be raised here with regard to many of the cells classified as sense 

(ef. also, WEDDELL et al., 1955). Are they in reality specialized transducers, transmitting 


organs 


in turn to their nerve supply, or are these cells perhaps accessory to sensory membrane 
which resides in the terminals of the nerve fibres? Free nerve terminals subserving 
sensory functions are numerous. The sensitivity and variety of sense perceptions of the 
terminals in the olfactory epithelium is remarkable (cf. Orroson, 1956). The olfactory 


membrane, electrogenic in response to chemical stimuli, does not become activated by 
‘itable 


antidromic invasion (Orroson, 1956). It therefore appears to be electrically inexci 
f the 


A nerve terminal, apparently thinly myelinated and modified from the rest of 
extends into the Pacinian corpuscle (QUILLIAM and Sarto, 1955). This terminal might 
itself be the sense organ, surrounded by an inert although conspicuous structure, 
perhaps having a function in the mechano-reception analogous to that of the outer ear 
in hearing. 

(45) The single spikes of crayfish stretch receptor (EYZAGUIRRE and Kt 
or of cardiac muscle (WEIDMANN, 1956) usually do not have an undershoot. Tauc (1955) 
ARVANATAKI and CHALAZONITES (1955) 


FFLER, 1955a 


finds the same for Aplysia ganglion cells, but 
show spikes with undershoot. The records of the latter, however, are primarily con 
>] expect d to 


erned 


with repetitively, usually spontaneously discharging cells, which may b« 
have the repolarizing undershoot. The development of this phase in the response 
probably indicates that heightened potassium conductance occurs which can temporarily 
recharge the membrane capacity to a level near that of the potassium battery (HoDGKIN 
and Huxtey, 1952). The bearing of this on the interpretation of the repetitive discharges 
of electric fishes will be mentioned below. 
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the effects of inactivation, which in addition would determine the dura 
tion of the discharge. Axons which do not normally exhibit repetitive 
discharge can be made to do so under a variety of stimuli (ADRIAN, 
1930; LEHMANN, 1937a,b: ARVANITAKI, 1939: BRINK ef al., 1946). 
In the squid axon, which belongs to the above category, repetitive 
discharge to applied depolarizing currents is rare. However, discharges 
at up to 300/sec sustained for 5 or 10 sec are frequently seen during 
depolarization of the axon by KCl. As the membrane potential 
decreases, the spikes become smaller and eventually are blocked. 
Reversal of the membrane potential change, by washing out the KCI, 
may initiate a new burst of repetitive activity until the membrane 
potential rises toward its normal value. 

Since the continuously repetitive discharge of the electric organs is 
centrally controlled, it may be supposed that not only the electro- 
plaques, but also the controlling neuronal complex has slow ‘‘accom 
modation,” or as has been suggested in the foregoing, a low rate of 
sodium inactivation. However, the ability to maintain indefinitely 
central nervous activity at rates as high as 1000/see (Fig. 9) is not in 
keeping with the general behaviour of neuronal synaptic systems. At 
a constant temperature, the frequency of the responses is remarkably 
constant to about | per cent. It is also independent of the movement 
of the fish, at least in most of the species examined in this laboratory, 
even when provoked by strong electrical stimuli (Fig. 9). These 
properties are difficult to envisage as involving discharges of electro- 


plaques one-to-one by centrally initiated neural volleys. The facts 


therefore indicate either special properties or a subsidiary mechanism. 
A possible mechanism (at present being sought for experimentally) 
would involve neuronal discharges at a slow rate and effector activity 
at a much higher rate, which could be provided by the coupling ot 
membranes with different electrogenic properties. A slow rate of 
neuronal discharge could maintain depolarization by summation of 
p.s.p.'s, and this, stimulating poorly inactivable electrically excitable 
membrane, could elicit spikes at a high rate. Decrease or increase of 
the number of neural impulses could lower or raise the level of steady 
depolarization and thereby modulate the rate of spike discharges. 
Sustained depolarization by p.s.p.’s accounts for the repetitive dis 
charges at up to 300/sec of the axono-axonally innervated segmental 
giant axons of earthworm and crayfish after a single stimulus (KAo 
and GRUNDFEST, 1956; and unpublished). Repetitive activity at high 
rates in FLECHSIG’s tract (GRUNDFEST and CAMPBELL, 1942; LiLoyD 
and MacIntyre, 1950), in the Renshaw cells of the cat spinal cord 
(EKccies ef al., 1954), and in other spinal interneurones (FRANK and 
FuorteEs, 1956), may have a similar origin, sustained depolarization 
of the postsynaptic membrane, reacting upon electrically excitable 
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membrane which is not rapidly inactivated by the depolarization. 
Different time constants of the membrane, critical firing levels, and 
degrees of sustained depolarization, could account for the variety of 
rates observed in the spinal neurons as well as the remarkable constancy 
in the pattern of repetition found in some (cf. FRANK and Fuorrss, 
1956, Fig. 14).4% 

In some of the continuously emitting fishes the discharges recorded 
from the intact animal appear as a predominantly monophasic pulse, 
but with a small reverse component. The reversed potential, which is 
not ascribable to organ complexity as it is in 8S. albifrons (Fig. 9), could 
be an undershoot following the spike elicited on a sustained depolariza 
tion, such as occurs in Aplysia ganglion cells, crayfish stretch receptors, 
and the cardiac pacemaker. The spike of the eel electroplaque does not 
have this component (Figs. 11, 13), nor do the reflex discharges of the 
intact, normally quiescent fish show this phase (Fig. 8). 


IX. THe Roie or DtrrERENT ELECTROGENIC MEMBRANE 
COMPONENTS IN PHARMACOLOGICALLY ALTERED RESPONSES 
CLAUDE BERNARD’s discovery of the curare effect on synaptic trans 
mission in muscle has since then impelled physiologists and pharma 
cologists to consider transmission as a peculiarly labile phenomenon, 
chemically mediated.” Nevertheless, the manifestations of drug 
actions have presented a number of puzzling discrepancies which have 
often induced doubt in the significance of pharmacological findings 
(the writer expresses here a mea culpa), and the minimizing of its 
evidence (cf. Discussion, p. 434, Bover, 1951). The pioneering work 


relating actions of synaptic drugs to their effects on electrogenic 


mechanisms is relatively recent (Ecctes ef a/., 1941: Kurrier, 1942: 

(46) Other mechanisms of frequency multiplication are also possible in various cases. 
The wing muscles of the bee contract more than once for each nerve impulse, and this 
appears to be caused by mechanical restimulation of the muscle during the wing beat 
(BoreTrTicER, 1956). These muscles might therefore have mechano-transducer membranes 
(GRUNDFEsT, 1956b). The findings that the electrical response of muscle is increased by 
stretch (Kurrier, 1952; Ratston and Lise, 1953), that calcium-deficient muscles 
respond with repetitive activity to stretch or pressure (ADRIAN and GELFAN, 1933) 
and proportionally to the applied tension (BULBRING, 1955) suggest the possibility that 
vertebrate muscle is also endowed with mechano-transducer membrane (GRUNDFEST, 
1956b). Hurrer and TRAUTWEIN (1956), on the other hand, have presented evidence 
indicating that the increased response of stretched partially curarized frog muscle is 
due to the effect of the tension on the prejunctional nerve terminals. This would 
indicate (alternatively or concurrently) that these nerve endings also act as mechano- 
transducers, more transmitter being released when they are in tension (cf. also BUL 
BRING, 1956). 

(47) While many modern-day electrophysiologists have been reluctant to accept the 
latter, Date (1954) has pointed out that Du Bois-REYMOND suggested, and even 
definitely favoured, the idea that transmission is by a chemical stimulant, rather than 
by an electrical process. Earlier in the present review it was noted that BERNSTEIN, 
Gorcu, and GARTEN had envisaged a difference between neural and electrical excitation 
of muscle and electroplaques. 
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Eccies, 1944). Current pharmacological research has also been con- 
cerned with these aspects, and has provided a more detailed back- 
ground of data and some interpretations (cf. Patron, 1954; Zaris, 
1954) which help to explain the pharmacology of electric organs. On 
the other hand, recognition of differently responsive electrogenic 
mechanisms gained by the study of muscle and electric organs can 
also serve to illuminate the general theory of the synaptic effects of 
drugs. 

The innervated eel electroplaque, possessed of differently electro- 
genic membrane components, has provided a relatively comprehensive 
study at the cellular level of the actions exerted by ten synaptic agents 
(ALTAMIRANO ef al., 1955b). The actions studied were those on synaptic 
excitability and facilitation (Fig. 23), on resting potential, spike and 
p.s.p. (Figs. 17, 20, 28, 29), as well as on some secondary (Figs. 28, 29) 
and antagonistic effects. Other work (Cuagas and ALBE-FESSARD, 
1954), although less detailed in scope, is in close agreement and has 
furnished some data on two additional substances (Table 1), as well as 
confirmation of the interpretations. 

While the data available on the eel electroplaque can be incorporated 
into general concepts of synaptic pharmacology, the preparation used, 
an isolated, relatively simple synaptic system, must necessarily fail to 
provide the variation and interactions which the study of more complex 
systems or of the whole organism supplies. The latter effects are often 
confusingly complicated, although they are of paramount clinical 


importance and sometimes contribute to fundamental knowledge of 


mechanisms. Some of the factors which are involved in these effects can 
be envisaged and explained in terms of the data gained on the simpler 
synaptic preparations, sufficiently so as to encourage the view that 
other complexities bear not against the “‘principle, but only its perfec- 
tion in detail” as Dau (1954, p. 10) has said in another context. 


IX. 1. Classification of the action of synaptic agents 

The broad division of synaptically acting drugs into depolarizing and 
non-depolarizing (competitive antagonist) substances (cf. PaTon, 1954; 
ZAIMIS, 1954) is borne out in the studies on the eel electroplaque 
preparation (‘Table 1). Nevertheless the terminology does not precisely 
describe the drug actions, and this appears to confuse their interpre- 
tation. The “depolarizing” substances act as such on the eel electro- 
plaque and on muscle fibres, both of which have depolarizing p.s.p. 
On the other hand, acetylcholine hyperpolarizes (or repolarizes, 
KUFFLER and Eyzacurirre, 1955) cardiac muscle (BURGEN and 
TERROUX, 1953; HorrmMan and Suckiine, 1953; DEL CASTILLO and 
Katz, 1955e; Hurrer and Trautwern, 1955). The cholinergic nerve 
does the same at the pacemaker cells (DEL CASTILLO and Katz, 1955c; 
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Hutrer and TrRAvuTwetn, 1955). These cells, being provided with a 
hyperpolarizing p.s.p. therefore respond to the “‘depolarizing’’ drug 
with hyperpolarization. In the remarkably illustrative example of 
the cat salivary glands (LUNDBERG, 1955a) some cells respond only 
with hyperpolarization to stimulation of both the cholinergic and 
adrenergic nerves. These cells also respond in the same way to acety! 
choline, adrenaline, and pilocarpine. 

Therefore it may be concluded that the ‘depolarizing’ drugs activate 
the synaptically excitable membrane component and that the electro 
genic effect is determined not by the drug, but by the type of the excited 
membrane. These agents should be designated more correctly as 
“synapse activating’ substances. The “‘non-depolarizing’’ compounds, 
in contrast, appear to block the responsiveness of the postsynaptic 
membrane (Fig. 20) and may therefore be symmetrically designated as 
“synapse inactivating’ substances. 


IX. 2. Overt effects in terms of electrogenic mechanisms 

The effects of synaptic agents on the entire excitable system will depend 
on the type of electrogenic reaction which the substances evoke and on 
the properties of the excitable membranes. The synaptic activator, 
succinylcholine, depolarizes the endplate, and this electrogenesis, at 
first, stimulates the electrically excitable component of the muscle 
fibre. This is manifested as “‘fasciculation.’’“S) Subsequently, the 
electrically excitable membrane in the region of the endplate (and in 
some cases more extensively) becomes unresponsive, very probably 
through the mechanism of sodium inactivation. “‘Curarization”’ then 
develops.“*® In muscles with a low rate of inactivation, the response 
would be a contracture. On the other hand, the hyperpolarizing action 
of acetylcholine on the cardiac pacemaker cells represses their rhythmic 


depolarization, slowing or stopping the cardiac rhythm. Cases may be 


conceived of in which the same drug activates both depolarizing and 

{48) The term is inappropriate for this condition, which is more justly characterized 
as fibrillation en masse. The mechanism is that of excitation of each muscle fibre on its 
own, rather than the obligatorily synchronized discharge of the entire motor unit by the 
innervating motor fibre which is the proper meaning of fasciculation. The misnaming 
derives from the character of the overt response—a massive, tetanic, and generalized 
contraction. 

(48a) “Curarization,’’ like “‘fasciculation,” is inappropriate in the context. The term 
should be reserved to describe the action of truly curarimimetic drugs: blockade by 
inactivation of synaptic electrogenesis without depolarization. Grossly, this action is 
denoted by one or several criteria: persistence of direct excitability, absence of con 
tracture, competitive abolition of blockade by “‘depolarizing’”’ drugs, enhancement of 
the effect by other synapse inactivating drugs. When responses are blocked by persistent 
depolarizing synaptic electrogenesis through the action of synapse activating drugs the 
effect should be termed ‘‘depolarizing blockade.’ The overt criteria of the mechanism 
are the inverse of those listed above. Chemical activation of inhibitory electrogenesis 
might also produce an appearance of ‘‘curarization’”’ which can be more precisely 
described as ‘hyperpolarizing (or inhibitory) blockade.” 
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hyperpolarizing postsynaptic membrane. The net effect on the elec- 
trically excitable membrane would then be the resultant of the balance 
of electrical change and of the possible predominance of one type of 
electrogenesis over the other in specific regions of a cell. The overt 
effects might be as striking as is the inhibition of reflex activity by the 
essentially similar, but temporally determined actions of neural 
volleys (Brock ef al., 1952; Eccurs ef al., 1954), or they might 
degenerate to the relatively insignificant proportions caused by mild 
hyperpolarization of the conductile membrane (cf. Fig. 19).“4* 

Thus, the synapse activating substances, exerting their primary 
effects upon the different kinds of electrogenesis of the postsynaptic 
membrane, may be expected to evoke different overt responses. These 
are in general a consequence of the secondary action of the synaptic 
electrogenesis on the electrically excitable membrane and will depend 
also on the specific properties of the latter. As was indicated in the 
preceding sections, it is likely that in various electrically excitable 
tissues the kinetics of the several ionic processes differ. These varia- 
tions superposed on those of the synaptic electrogenesis create the 
possibility of a wide range of overt responses to the activating drugs.©® 

Another type of situation may develop in systems which are only 
synaptically electrogenic. For example, some muscle fibres do not 
have an electrically excitable membrane (e.g. BURKE and GINSBORG, 
1955). The long-term depolarization of their diffuse endplates probably 
is not affected by a sodium-inactivation process, and their mechanical 
responses are not dependent on a spike. It may be expected therefore 
that these fibres would react with a contracture to acetylcholine or its 
congeners. Similarly, the injection of acetylcholine into the Torpedo 
electric organ yields a prolonged electrical discharge (FELDBERG and 
FrssarD, 1942) which does not appear to be an accumulation of 
individual discharges. 

The nondepolarizing, synapse inactivating agents block the electro- 
genesis of the postsynaptic membrane and thereby also exert specific 
types of overt response. These compounds probably act on the hyper- 
polarizing synapses in the same way they do on the depolarizing, 


) Perhaps this might help to explain the overtly manifested relative insensitivity 
of motoneurons to synaptic drugs (ef. Eccies et al., 1956). 

(9) ZAIMIS (1954, p. 57) has remarked that, while the interpretation of results obtained 
with a “competitive substance is relatively straightforward . .. the interpretation 
of the results obtained from different species and from different muscles (with 
‘depolarizing’ substances) needs great care.’’ The kinetics of the different ionic processes 
could be altered merely by changing the triggering thresholds within the populations of 
electrogenic units of the membrane, as discussed in Section VII, 3. In the synaptic 
membrane component the thresholds would be in terms of chemical sensitivity, not of 
membrane potential. Given the probability that these populations are heterogeneous 
with respect to valving sodium, potassium, chloride, and perhaps other ions, complexity 
of overt phenomena is to be expected (cf. Section LX, 4). 
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without changing the resting potential of the cell. Thus, the muscle 
fibre, its electrically excitable membrane no longer subjected to 
depolarizing synaptic electrogenesis, is not synaptically excitable. 


However, the absence of the synaptic depolarization, such as is caused 
by the activating substances, leaves the electrically excitable membrane 
responsive to direct stimulation. The heart becomes unresponsive to 
vagal stimuli after curarization, but its myogenic electrically excitable 
rhythmicity is unaltered.©Y On the other hand, the Torpedo electric 
organ becomes inexcitable after curarization, and this effect is to be 
expected in cells in which only synaptically excitable membrane is 
present. A similar case is that of cortical dendrites (GRUNDFEST and 
Purpura, 1956). Their electrical response is rapidly and reversibly 
abolished upon curarization. It is therefore inferred that these exten- 
sions of electrically excitable cortical cells are possessed only of post- 
synaptic electrogenic membrane. 

Factors which determine effectiveness of drug action. Interpretation of 
pharmacological results is plagued by the different amounts of the 
same substance required for action upon different synapses.) In 
some cases, this is clearly ascribable to the different accessibility of 
various synapses to the drug. Thus, arterially injected prostigmine 
does not affect the synapses of Renshaw cells, but it acts upon them 
when it is introduced into the vicinity of the cells by direct injection 
(Eccies ef al., 1956). Different potency of synaptic transmission, 
which is known to occur even at different sites of the same cell (cf. 
Fig. 14), can also serve to account for different sensitivity. It has been 
suggested (ToMAN, 1955; GRUNDFEST, 1956b,d) that similarly, and even 
differently, electrogenic membrane may be composed of molecular 
structures differing in subtle detail, as the various biologically active 
steroids etc. differ. This variation may be invoked to account for the 


1) Suecinylcholine, on the other hand, blocks the effects of both vagal and sym 
pathetic stimuli on the cat heart (PURPURA and GruNpFEsT, 1956c), This action is not 
unexpected on the basis of the foregoing analysis. An interesting new example of 
the correlation between electrogenic and pharmacological effects is provided by the 
hearts of Lampetra and Myxine (AuGuUSTINSSON et al., 1956). The vagus is an accelerator 
nerve in the former, and therefore the electrogenesis at the cardiac pacemaker is pre 
sumably depolarizing. Acetylcholine and its analogue (butyryl-; propionyl-) also 
accelerate, while d-tubocurarine and C, antagonize this. Eserine also blocks acetylcholine 
action. The Myzxine heart apparently has no innervation and does not respond to 
acetylcholine. The effects on Lampetra fully coincide with the actions of the same 
drugs on muscle (BURNS and Patron, 1951). 

{92) This may not be only a peculiarity of the synapses, but also of the pharmacological 
interest in clinical requirements. A major effort has been to find substances which 
affect neuromuscular transmission with as little action on other systems as possible. 
Therefore, we need not be surprised that most synaptic agents available act more on 
these synapses than elsewhere. Indeed, those compounds which act better on central 
synapses often develop such drastic effects in the whole organism as to be considered 
general poisons. Strychnine, which does have some use as a tool for study of synaptic 
action is @ case in point. 
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frequent finding (e.g. RikER and Wescor, 1951) that the potencies of 
two drugs of similar action diverge in different types of tests. Struc- 
tural differences of the same kind could also account for differential 
sensitivity of different tissues (e.g. white and red muscles) or of different 
species (cf. Patron, 1951). Thus, a number of special conditions, but 
of a relatively simple type, and some experimentally demonstrable at 
present, can serve to account for differences in potency of synaptic 
agents. The data on eel electroplaques show, however, that a number 
of the more common synaptic drugs (Table 1), some the more active in 
some systems, others in other systems, all belong to one of two cate 
gories, synapse activators or synapse inactivators, although the range 
of concentrations of the different drugs needed to cause these effects is 
large. 

Re-enforcement and antagonism. 
members of the same group appear to explain adequately the re-enforce- 
ment which one drug of a given category will exert upon the action of 
another of this class. Antagonistic actions of members of the opposite 
groups probably represent a more complex, dynamical situation. The 
competitive, antagonistic aspect is probably a mass action phenomenon 
in which two substances©*) react with the same substrate. In the case 
of synapses, the substrate is an electrogenic membrane, and the 


The similar actions of different 


dynamics of the combinations manifest themselves as a net balance of 
electrical activity. The quantitative effects ought to depend upon the 
relative combining powers (to use the terms of one of the possible 
mechanisms) of the two substances with their substrate, and should 
also exhibit a saturation phenomenon if the amounts of drugs used are 
in excess to the available substrate (‘receptor in the schema). 
Quantitative comparisons of this type were not done on the eel electro- 
plaque preparations. However, depolarization by the synapse acti 
vating substance is prevented in these cells by the inactivator drugs 
(ALTAMIRANO ef al., 1955b). Synaptic excitability is lost but, since 
depolarization does not develop, the electrically excitable membrane 
remains responsive to direct stimuli (cf. also CHaGas and ALBE- 
FESSARD, 1954) although it develops graded responsiveness. 


IX. 3. Multiple effects 
Kel electroplaques illustrate another aspect of pharmacological action, 
(83) Only one of the two participants need be a recognized synaptic agent, and of either 
category. The other substance may be, for example, heparin, which is an anticurare 
agent for neuromuscular synapses (cf. CoreyMot et al., 1955) and for cortical dendrites 
(PurPuRA and GruNDFEST, 1956b). Likewise, adrenaline is not generally considered 
as a synaptic agent for cholinoceptive membrane. Nevertheless it antagonizes decame- 
thonium action on neuromuscular transmission strongly, but that of d-tubocurarine 
very little (DALLEMAGNE and Puuitrepor, 1952), On the other hand, stimulation of 
sympathetic nerves can enhance synaptic responsiveness of fatigued muscle (Orbeli 
effect, Hurrer and LowEenstErn, 1955). 
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the different effects of a drug on different types of electrogenic mem- 
brane in the same cell. Not only do the curare-like compounds inacti 

vate synaptic transmission (Fig. 20), they also affect the response of the 
electrically excitable membrane, but more slowly. The response 
becomes graded (Figs. 28, 29), and may disappear, at longer times and 
with higher concentrations. Acetylcholine also exerts an action on the 
electrically excitable membrane, directly and not through the depolari- 
zation of the postsynaptic component (unpublished experiments of 
ALTAMIRANO ef al., 1955b). An electroplaque with its synapses inacti 

vated (e.g. by d-tubocurarine) is not depolarized by acetylcholine. 
Nevertheless, the electrically excitable, but now only gradedly 
responsive membrane, gradually becomes inexcitable. 

The electroplaque appears to be particularly amenable to these 
direct actions, whereas most other cells are strongly resistant to 
d-tubocurarine, acetylcholine, and many other synaptic drugs. 
Differences based presumably on the accessibility of the electrically 
excitable membrane to the drug, but probably also on thresholds, are 
therefore to be expected in various systems. The underlying differences 
in membrane structure may be revealed by comparative studies of 
these properties. However, in the context of fundamental theory the 
explanation for profound overt differences in effect reduces to the trivial 

-the drug does or does not act because it can or cannot attack.” 


IX. 4. Diphasic actions 

Heightened responsiveness of the synapse, whether by increased 
excitability or by increase in the amounts of transmitter agent available, 
followed by subsequent depressions, is a characteristic of the action of 
many drugs. It is illustrated in the increased response of a group of 
electroplaques to a weak nerve volley (Fig. 23). Both eserine and pro 
stigmine, at first, increase synaptic responsiveness, perhaps both acting 
as anticholinesterase, which protects the transmitter agent from rapid 
destruction and thereby increases its effectiveness at synapses of 
marginal potency. This initial potentiation by anticholinesterases of 
synaptically evoked responses at other cholinoceptive synapses is well 
known. The subsequent block produced by both drugs has different 
~ausations as described earlier (Figs. 17, 20). 

Another type of diphasic action is the secondary depolarization 
produced by DFP long after its synaptic blocking action (Table 1). 
DFP does not depolarize axons (TOMAN et al., 1947) at least in short- 
term experiments. The electroplaque conductile membrane may 


(64) The site of attack is an interesting problem. The endplate is sensitive to acetyl- 
choline externally applied, but not to that injected within the structure (DEL CASTILLO 
and Katz, 1955a). The squid giant axon can tolerate very high concentrations of acetyl- 
choline injected into the interior, but not very low concentrations (GRUNDFEST, 1953). 
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behave differently in this respect. However, in prolonged action the 
drug may have altered the postsynaptic membrane, or have itself been 
altered by enzymatic processes at this membrane. The available 
experiments do not permit a decision. 

Continued application of synaptic activating drugs also produces 
diphasic effects (ef. Farr, 1954; Zatmis, 1954). In frog muscle 
(THESLEFF, 1955a,c: but not in rat diaphragm, THESLEFF, 1955b) and 
in autonomic ganglia (KRIvoy and Writs, 1956) depolarization sub 
sides in the presence of a large variety of these compounds, including 
acetylcholine. Transmission still remains blocked in the frog muscle, 
but not in the autonomic ganglion. These different effects may be 
ascribed to several phenomena. One might be a slight modification of 
the postsynaptic membrane which converts the action of certain 
activating drugs into inactivation. Another possibility is a change in 
the drug itself, as mentioned above. Of interest for both of these types 
of change is the close structural relation found between activating and 
inactivating compounds. Substitution of one ethyl in the end complexes 
of decamethonium results in a drug which blocks transmission in 
muscle with only a slight, evanescent initial depolarization (THESLEFF, 
1955c). The di- and tri-ethyl homologues do not depolarize and are 


more powerful blocking agents than is decamethonium. 
Another factor might be the decrease of sensitivity of the post- 
synaptic membrane to the drug (THrsterr, 1955b: Krivoy and 


Wits, 1956). Thus, after depolarization and block are lifted in 
autonomic ganglia, addition of more of the activating drug again 
causes depolarization.) Finally, the compound may also exert 
slower actions on the electrically excitable membrane, as in the eel 
electroplaque (cf. Krivoy and WILLs, 1956). Decamethonium appears 
to raise the critical firing level for the spike of frog muscle about 20 per 
cent (THESLEFF, 1955a) and seems also to increase markedly the time 
constant of the membrane (cf. his Fig. 7). 

The effects caused by denervation also emphasize the labile nature 
of the membrane molecular structures. In denervated muscle, d- 
tubocurarine initiates fibrillatory potentials which originate at the 

(5) "THESLEFF (1955a) finds that end-plates subjected to prolonged action by acety]- 
choline or other depolarizing drugs do not react to further additions of the drug, but 
(personal communication) become depolarizable again after prolonged washing. In 
addition to the possibility that the sensitivity of the membrane may have been tempo1 
arily altered, it is perhaps possible that the type of electrogenesis was temporarily 
altered, at least in some units. In Section VI, 12, it was pointed out that hyperpolarizing 
and depolarizing postsynaptic membranes fundamentally appear to be related (ef. also 
GrunpFeEstT, 1956b,d). Conversion of one electrogenic type to the other is not incon 
ceivable. It would, for example, require only the inactivation of sodium ‘‘valves’’ to 
change the depolarizing postsynaptic membrane into the hyperpolarizing variety. Tem 
porary changes of this kind in part of the electrogenic population could account for 
repolarization of the muscle end-plate and its subsequent insensitivity to added 
acetylcholine. 
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endplates (JARCHO et al., 1951). This demonstration of a specific 
change in the postsynaptic membrane is presumably part and parcel 
of the profound effects caused by denervation not only in muscle but 
in many other organs as well, including those seen as transneuronal 
degeneration in the central nervous system. Since so little is known as 
vet about the molecular structures of excitable membranes, except 
the fact that they are labile, it seems unprofitable to speculate further 
on the nature of the changes disclosed by these various diphasic actions. 
Nevertheless, as the foregoing attempted to indicate, it appears 
unnecessary, at least for the present, to abandon explanation of the 
synaptic actions of drugs in terms of their known effects on the 


electrogenic mechanisms. 


IX. 5. Generalized effects 

Two rather different types of effect will be treated under this heading. 
Both are more apt to occur in the intact organism than in simpler 
systems, and not at all in the simplest, isolated preparations such as 
nerve-muscle, or nerve-electroplaques. 

(a) Depolarization, even by a small amount, may be expected to 
upset the electrochemical steady state of muscle fibres which form a 
large portion of the body mass. This may cause significant ionic 
shifts. The resulting changes in the interstitial or even in the circula 
tory fluids might therefore cause generalized effects on the muscles 
themselves and on other organs. Were the change to affect hormonal 
balance, the central nervous system or other particularly strategic 
(e.g. pulmonary) tissues, the results in the organism might be long 
lasting and drastic. Zaimis (1954) has reported potassium. shifts 
following administration of synapse-activating drugs. 

(6) As noted above, the primary interest of pharmacologists is con- 
centrated on the agents affecting transmission in muscle. However, 
the effects on other synapses may lead to more generalized results. 
While these are often exerted clearly only with higher concentration 
of the drugs, some minimal action may also be expected. These effects 
on highly integrated mechanisms may become disturbing to the 
organism. The side effects which the drugs produce in this way need 
not be initiated through the central nervous system. For example, 
mechano-transducer membrane in various sensory receptors is also 
excited by chemicals (e.g. SkoUBY, 1953; GRaANrt ef al., 1953; WreRsMA 
et al., 1953), which may be considered an inadequate stimulus for the 
cells (ef. GRUNDFEST, 1956b,d). Generalized side effects on receptor 
membrane might then react upon the central nervous system. 

Summary. Pharmacological actions of drugs may be viewed firstly 
as manifestations either of inactivation of electrogenic responses in 


postsynaptic membrane or as an activation of these. The latter effect 
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leads to electrogenesis of a type determined only by the nature of the 
postsynaptic membrane. This electrogenesis may in turn affect the 
electrically excitable membrane. The actions may be excitatory, 
inhibitory, or a combination of the two. The drugs of both categories 
also exert actions directly on the electrically excitable membrane, but 
these probably develop more slowly than do the effects on the synaptic 
systems. All these electrogenic actions therefore need to be considered 
separately and in combination in the analysis of pharmacological 


effects. 


X. EvotutTion or ELEcTRIC ORGANS 

Discussion of this general problem has been postponed until now, 
because the study of the mechanisms of single cells throws the matter 
in a perspective different from that formulated by early workers (Du 
Bots-REYMOND, I881: Frirscn, 1883). The latter were concerned 
with and sought to answer two questions: (i) what did the organs 
evolve from? and (ii) what were their evolutionary steps? The first 
question was settled by the discovery, as Repi had guessed earlier, 
that the electric organs originated from muscle in all but Malapterurus, 
and that in the latter the electroplaques are probably modified 
secretory cells. The second problem, concerning the evolutionary 
process, was more difficult to resolve, but seemed to be settled by the 
discovery of fishes with small electric activity or possessed of structures 
which had the appearance of electric organs, but had a ‘“‘pseudo- 
electric’ function (Du Bois-ReymMonp, 1881, p. 68). As mentioned 
earlier, Sachs had discovered such structures in Higenmannia (Sterno- 
pygus) virescens, but Frrrscu (Du Bots-Rrymonp, 1881) claimed that 
neither these nor the cells of Sternopygus carapo (probably the present 
G. carapo) were true electric organs. Thus there appeared to be an 
evolutionary hierarchy to satisfy the question. 

However, at least in a number of Mormyrids and Gymnotids (cf. 
LIssMANN, 1951; Coarns ef al., 1954; Coucrrro et al., 1955b) including 
both E. virescens and G. carapo, electric discharges have now been 
found—small it is true, but this fact is accounted for by the small 
number of series cells. Therefore, the discharges of the individual cells 
can have nothing “rudimentary” about them. Indeed, the remarkable 
rhythmicity of their discharge and the fact that the activity persists 
continuously throughout the observed life of the fish indicates (i) that 
the nervous control may be of an extremely high order of development 
and (ii) that the processes for replenishing the transmitters are much 
better developed in these than in the larger forms. These species might 
therefore with equal reason be considered as representing a higher 
evolutionary stage rather than a lower. 

The low voltage and prolonged discharge of Raia similarly cannot 
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be a more primitive type of response. The size of the discharge is small 
for two reasons: (i) there are fewer series elements and (ii) the discharge 
of each is without overshoot and is a simple depolarization. However, 
this appears to be a response of a vestigial endplate, in which the 
electrically excitable membrane had disappeared. Therefore the Raia 
electroplaque is no more primitive than is the endplate of a muscle 
fibre. 

In the T'orpedines the response is also probably of an endplate, but 
perhaps of one similar in properties to the neurally excitable membrane 
of the eel electroplaque except that it is more densely innervated and 
therefore responds more uniformly and with a larger amplitude than 
does the p.s.p. of Electrophorus. Whatever is the nature of the organ 
in Malapterurus it can hardly be classified on an evolutionary scale 
because it is apparently aberrant in origin. 

It is therefore unlikely that any of the extant and presently known 
species of electric fishes represent a primitive evolutionary stage, and 
it is highly improbable also that palaeontology will fill that gap. How- 
ever, electric organs appear widely in two groups, the elasmobranch 
Raiadae and Torpedinae and the teleost Gymnotidae and Mormyridae, 
as well as in a few strays (Astroscopus, Malapterurus, etc.). Mutation, 
unknown to the older workers, is the most reasonable explanation. 
In the Gymnotidae, this mutation took the form of eliminating the 
contractile elements of muscles, leaving behind both the endplate and 
the electrically excitable membrane. In the elasmobranchs only end- 
plates were left. The electric organs therefore appear to represent 
several stages in a new, mutational development which is based upon 
the older electrogenic structure of muscle (and secretory cells in 
Malapterurus). The electroplaques of Electrophorus and of other spike 
generators indicate one stage, those of the 7'orpedines at least one more, 
and possibly two if the endplate types of responses of some also have a 
graded sodium-conductance type of overshoot. These developments are 
associated with a related modification, that of unresponsive membrane 
at the noninnervated surfaces.©° 


XI. ConcLusiIon AND SUMMARY 

The electric organs, in all but Malapterurus, are structures derived 
from muscle, capable of discharge by the innervating control of the 

6) This last remarkable modification should repay intensive study. The non- 
innervated surfaces might, for example, be identical with the postsynaptic membrane, 
but not responsive because they are not innervated nor electrically excitable. Decisive 
evidence on this could be obtained by applying jets of chemical excitant (NASTUK, 
1953b; pet CastirLo and Katz, 1955a), particularly with the Torpedine cells, which 
respond electrogenically to acetylcholine (FELDBERG and Frssarp, 1942). In view of 
present-day concepts of experimental embryology, this possibility is unlikely, because 
it would create a difficulty for accounting for the remarkably regular innervation of 
only one part of the electroplaque surface. 
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central nervous system. One general feature of all is that they have 


undergone a special modification which permits series addition of the 
voltages generated by the individual electroplaques of which the 
organs are composed, This modification consists in a differentiation of 


the cell membrane, only that limited surface which is innervated being 
capable of an electrogenic response. As the membrane is modified 
muscle it is not unexpected that only one surface of it is innervated, 
nor that probably all the innervated faces in a row of electroplaques 
are symmetrically aligned. The electric organs offer a particularly 
clear demonstration of differently acting electrogenic mechanisms. 
Certainly in Raia, and very probably also in the torpedines, the electro- 
plaque is a homologue of the muscle endplate, the conductile electro- 
genic membrane and the mechanically responsive elements of the 
muscle fibre being lost. These electroplaques, like the endplate, do not 
respond to electrical stimulation, but are synaptically excitable by 
their nerves. In Torpedo, as in muscle, the postsynaptic membrane is 
demonstrably cholinoceptive, injection of acetylcholine into the organ 
producing electrogenesis in the latter. These electrical responses are 
depolarizing, as is that of the muscle endplate, although a special 
modification of the electrogenic mechanism may be expected in 
Torpedo. Another special mechanism may be expected in the electro- 
plaques of the Malapterurus organ, which is probably derived 
from secretory cells, but this modification is one which can _ be 
accounted for on the basis of our present knowledge of electrogenic 
tissues. 

In Electrophorus, and perhaps also in the other teleost electric fishes, 
the electroplaque retained the conductile electrogenic membrane of the 
muscle fibre, as well as the endplate type of membrane, but dispensed 
with the contractile machinery. These electroplaques therefore possess 
two electrogenic mechanisms. One is neurally evoked, as is the endplate 
potential; the other is electrically excitable and identical in properties 
with the spike of muscle fibres or of axons. 

The electroplaques of the elasmobranchs long ago provided evidence 
which could have established firmly a distinction between electrogenic 
membrane responsive only to neural (but not to electrical) stimuli, and 
therefore neurohumorally activated, and membrane responsive to 
electrical stimuli. This distinction was made by GARTEN (1910; ef. 
FrssarRD, 1952), but was not incorporated into the body of electro- 
physiological doctrine. The demonstration of this dual mechanism in 
the same cell (muscle fibre, peEL CASTILLO and Katz, 1954b: innervated 
eel electroplaque, ALTAMIRANO ef al., 1955a,b) with intracellular 
recording has now provided conclusive evidence. 

The presence of two different membrane components, endowed with 
different electrogenic properties and subserving different functions, 


-.) 
im 





CONCLUSION AND SUMMARY 


accounts for various phenomena in the response of eel electroplaques. 
The synaptically activated component develops the graded electrical 
response of the postsynaptic potential (p.s.p.). The electrically excit- 
able component under normal conditions evolves an all-or-nothing 
spike with temporarily reversed membrane potential, the overshoot. 
The spike is propagated without decrement along the cell by local 
circuit stimulation of the electrically excitable elements of the 
membrane. Stimulation of the cell by its nerve supply first initiates 
the p.s.p., and this depolarization, in turn, can elicit the spike of 
the electrically excitable membrane. 

The synaptically activated membrane probably develops its electro 
genic response, as does the muscle endplate, by increased permeability 
to all ions. The response is, however, relatively independent of the 
membrane potential, since it arises in a system which is not electrically 
excitable. The spike-generating membrane, on. the other hand, pro 
bably reacts by means of the sequential, potential determined processes 


of sodium and potassium conductance and sodium inactivation 
(HopG@krIn and Huxtey, 1952). 

The generalization made on the basis of studies of the eel electro 
plaque and other evidence that the synaptically activated membrane 
of all post-junctional cells is not electrically excitable (ALTAMIRANO 
and GRUNDFEST, 1954; ALTAMTRANO ef al., 1955a) has been useful in 
predicting experiments (Kao and GRUNDFEST, 1956, and to be published) 


and interpreting extant data (GRUNDFEST, 1956a,b,c,d) and has led to 
the finding that the richly synaptic apical dendritic portions of cortical 
cells are not electrically excitable (GRUNDFEST and PURPURA, 1956). 
In the past few years a considerable body of confirmatory data has 
become available from various invertebrate and vertebrate synaptic 
complexes, which support this classification of differently excitable 
electrogenic mechanisms. 

The same generalization disposes of the perennial argument between 
the proponents of electrical and humoral synaptic transmission. The 
synaptic membrane not being electrically excitable, transsynaptic 
activation must occur through a chemical intermediate. Thus, in so far 
as the generalization is found to apply, the problem of synaptic trans 
mission is sharpened to focus on the membrane molecular mechanisms 
which are involved. 

The different molecular constitutions of the synaptically and elec 
trically excitable membrane components, which are reflected in their 
different electrogenic properties, probably also account for the greater 
susceptibility of the former to attack by various chemical agents. A 
comprehensive study of the effects of a number of these drugs on the 
eel electroplaque has revealed that, as in other synaptic systems, two 
distinct classes of substances exert different electrogenic effects. 
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Members of one group inactivate the electrogenic capacity of the post- 
synaptic membrane, thereby blocking transmission of excitation from 
the nerve to the electroplaque. However, the electrically excitable 
membrane remains responsive to electrical stimuli. Members of the 


second group cause postsynaptic electrogenesis, and the resultant 
depolarization inactivates the electrically excitable membrane. Stimu- 
lation of this, whether by direct stimuli or neural, becomes ineffective, 
while the postsynaptic membrane, excited through its nerve, is still 
capable of developing a p.s.p. Transmission of excitation is therefore 


also blocked by these drugs, but through a different instrumentality. 
The analysis of these different phenomena, in terms of the electrogenic 
bases, which has been carried out with eel electroplaques, is also 
applicable to other synaptic systems and thereby helps to clarify 
pharmacological manifestations as effects upon different electrogenic 
components of cells. 

The synaptic drugs also exert effects upon the electrically excitable 
membrane of the eel electroplaque. Of particular interest is the trans- 
formation, by the synapse inactivating drugs, of the explosively 
responding electrically excitable membrane to one developing graded 
electrical activity. Then, however, the maximum of response has the 
same peak e.m.f. as that generated normally during the spike. Graded 
responsiveness of the electrically excitable membrane also occurs 
during early relative refractoriness of the eel electroplaque, squid, 
earthworm, and crayfish giant axons and cardiac muscle, and can be 
induced by drugs acting on the squid giant axon. It appears likely that 
some invertebrate muscles respond normally only with graded responses 
of electrically excitable membrane. 

The eel electroplaque, in which the synaptically activated membrane 
component is diffusely disseminated amongst electrically excitable 
membrane, resembles the neuron of the spinal cord more closely in this 
respect than it does the muscle fibre. However, it does not possess the 
hyperpolarizing p.s.p. of inhibitory function which is found in cells of 
the latter variety. Nevertheless, as the foregoing has indicated, study 
of the properties of the electroplaque has helped to elucidate the 
problems of synaptic transmission in the neuron: firstly, as involving 
differently excitable electrogenic mechanisms; second, that the 
synaptically excitable component and the electrically excitable have 
different pharmacologic susceptibilities which are manifested through 
electrogenic mechanisms specifically different in properties. 
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THERMODYNAMIC STUDY OF THE 
ISOHAEMAGGLUTININS 


R. Wurmser and S. Filitti-Wurmser 


THE main interest of studies of the thermodynamic properties of 
antigen-antibody reactions is to supply data which may be used for the 
calculation of the energies of formation of the complexes. The direct 
determination, by calorimetry, of the energy of the linkage between 
antigen and antibody has been made only in the case of the haemo- 
cyanin anti-haemocyanin complex (Boyp et al., 1941). All other 
estimations were based on equilibrium measurements. 

The information provided by such measurements permits an attack 
on many problems. The calculation of the energy of association may 
be attempted on the basis of the structure of the specific group of the 
antigen. This energy may then be compared with the experimental 
value. 

The measurements also give information concerning the number of 
the specific groups per molecule. Finally, as the results obtained with 
the isohaemagglutinins show, the thermodynamic study may supply 
also information on the carriers of the specific groups, which is of 
obvious interest from the point of view of the biogenesis of proteins. 

Since the equilibrium constant is affected by all changes involved 
in the formation of the complex, the most significant results concerning 
the specific groups have been obtained by studying the influence of 


slight modifications of structure of a monovalent hapten on the affinity 
of this hapten for the corresponding antibody. It may be assumed that 
in this type of experiment the differences of affinity are exclusively 
due to the local changes. Thus one may, as PAULING and co-workers 
(PRESSMAN ef al., 1946) did, compare these differences of affinity with 
the calculated differences due to the various types of forces acting at 


the site of reaction. 

EIsen and Karvsu (1949) and LERMAN (1949) also studied reactions 
between antibody and monovalent hapten. In their experiments the 
concentration of free hapten in a mixture with the antibody was directly 
measured by a dialysis method. Thus the absolute values of the free 
energy of combination of one hapten molecule were obtained, but thus 
far no systematic determinations aimed at analysing the structure have 
been made. 

The study of the equilibrium between antibody and antigen is much 
more complex than that of the equilibrium between antibody and mono- 
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valent hapten since in agreement with prevailing opinion—both 
antibody and antigen contain multiple specific combining sites. Conse- 
quently there are complexes of different composition. In order to 
measure an equilibrium constant in such a system it is necessary to 
know both the concentration of free antibody and that of two defined 
complexes. 

One attempt at this type of investigation was made by Havurowi11z, 
CRAMPTON and SowinskI (1951). In their work, the apparent solubility 
of azoprotein-rabbit antibody precipitate is considered as the concentra- 
tion of free antibody A produced by the dissociation of the precipitate 
GA,,, according the assumed equation, where G represents the antigen 


GA, =GA,_,+A 


n 


A more promising method is that of GOLDBERG (1952) used by SINGER 
and CAMPBELL (1953). This method applies to the antigen-antibody 
system the statistical theory of FLory-StockMAYER of the molecular- 
size distribution of branched chain polymers. A basic assumption is 
that of the absence of cyclical structures in the antigen-antibody 
complex. Furthermore it is assumed that any unreacted site of the 
antigen or the antibody is as reactive as any other site regardless of the 
size or shape of the complex in which it is found. On the basis of this 
theory it is possible to calculate, from the concentration of free antigen, 
the concentration of the complexes GA and G,A and the equilibrium 
constant of the equation GA + G = G,Ad. However, in the experiments 
of SINGER and CAMPBELL a value for the equilibrium constant was 
obtained which decreases as the antigen excess is increased. It must 
be recognized that, up to the present time, the energetic data available 
for antigen-antibody reactions remain rather limited. 

Since the polyfunctionality of both reactants is the main complication 
encountered in the thermodynamic study of precipitin reactions, one 
may expect to find a simpler situation in the case of agglutinin reactions. 
Regardless of the valence of the agglutinins, it appears unlikely, for 
geometrical reasons, that the number of molecules simultaneously 
bound to two cells would be considerable as compared with the total 
number of molecules bound by a single valence. Moreover the experi 
mental technique, in the work on the equilibrium between agglutinins 
and agglutinogen groups, is facilitated by the possibility of separating 
the total amount of combined antibodies by centrifugation. There still 
remains the complication caused by the heterogeneity of antigens and 
antibodies. This is, no doubt, responsible for the results obtained in the 
fixation of agglutinins by the typhoid bacillus (EISENBERG and VOLK, 
1902). In this case, as in the absorption of haemolysin by the red cells 
(CROMWELL, 1923), the variation of fixed antibody as a function of its 
concentration can be represented by FREUNDLICH’s isotherm. This 
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relation is obtained, as indicated by HinsHELwoop (1940), when the 
surface possesses regions with varying reactive capacities. 

The isohaemagglutinins present a much higher degree of homo- 
geneity which greatly facilitates their study. However, no systematic 
investigation of these substances was attempted until some ten years 
ago. The present review is almost exclusively concerned with the experi- 
ments carried out in our laboratory. Of the numerous questions that 
were raised by these experiments, only a few have been thus far further 
investigated. As noted above, the essential part of the work carried 
out with the aid of thermodynamic methods on the antigen-antibody 
reaction is concerned with the structure of the specific groups. In our 
study of human isohaemagglutination we have been led to look at the 
problem from a quite different angle. Facts which emerged from our 
earlier observations focused our attention on molecular properties of 
the isoagglutinin other than the configuration of the specific sites. 


I. THe [SOHAEMAGGLUTINATION 
Isohaemagglutination discovered by LANDSTEINER is the agglutination 
which is produced when one mixes human red cells with sera belonging 
to the human species. Human beings can be classified, from this point 
of view, into four blood groups: O, A, B, AB and six principal sub- 
groups A,, A,, B, A,B, A,B and O, according to the type of antigens on 
the red cells. An agglutinin active against one of these antigens is 
found in a person’s serum only if his own red cells do not contain this 
antigen. Finally, the blood group to which an individual belongs is an 
inherited character, controlled by a series of at least four alleles. 


Il. Reversteinity or [SOHAEMAGGLUTINATION 

The first point to establish for a thermodynamic study of isohaem- 
agglutination is the reversibility of the process. Evidence for this 
reversibility has been provided by the experiments of Frvrrri- 
Wermser and Jacquot-ARMAND (1947). They displaced the equili- 
brium of a mixture of group B red cells and group A serum by varying 
the temperature and by dilution. The method consisted of measuring 
the yield of agglutination, that is to say, the ratio between the number 
N,, of agglutinated red cells in 1 cu. mm and the number JN, of red cells 
present in the same volume. The number 1, was obtained by the differ- 
ence between V, and the number of red cells remaining free after a time 
interval of shaking necessary to attain the equilibrium. All counts 
were made with haemacytometers directly, or on microphotographs. 

1. In a series of experiments it was shown that the same yield of 
agglutination is obtained when the reaction is carried out at a relatively 
high temperature 37°C or when the reaction is carried out in two steps, 
the first at a low temperature (4°C) and the second at 37°C. 
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2. Instead of dissociating the agglutinates by raising them to a 
higher temperature, they may be dissociated by dilution. One thus 
finds that the same yield of agglutination is attained if a mixture of 
red cells and serum is made directly in a definite volume J’, or if the 
operation is carried out in two steps: mixing in a small volume and 
then adding buffer to the volume I’. 
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Fig. 1. Reversibility of the human B- anti-B isohaemagglutination. The 
per cent of agglutination is the same from whichever side it is approached. 
(Taken from WILKIE and BecKker, 1955.) 


The reversibility of the isohaemagglutination of A red cells by sera of 
group B has been demonstrated in the same manner by MAvrip#s (1954). 
An excellent experiment of WILKIE and BeckKER (1955a) confirms 
A mixture of serum and B red-cell suspension was 


this reversibility. 
At appropriate intervals of time, aliquots were 


placed on a shaker. 
withdrawn and the number of free cells per cubic millimetre determined. 
The lower curve of Fig. | represents the results. Duplicates of the same 
mixture were centrifuged for one minute at 65 gravity, the cell pack 
resuspended, and placed on a shaker; at appropriate intervals, the 
free-cell count was determined. The upper curve of Fig. 1 gives the 
results. It is apparent that the yield of agglutination was independent 
of the direction from which it was approached. 


III. CLASSIFICATION OF ANTI-B NERA 


Owing to the red-cell counting technique it was found that the anti-B 

sera could be separated into classes in which each serum has the same 

quantitative effect (Frurrr1-WurMSER, JAcQUOT-ARMAND and WuRM- 

SER, 1950). This fact appeared while studying the influence of the 
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temperature on the maximum number of agglutinated red cells per 
cubic millimetre by a serum. Fig. 2 shows the results obtained in the 
determination of the maximum number NV, of B cells agglutinated by 
a given serum at two temperatures. In order to represent all measure- 
ments in one figure, the logarithm of the number NV, of red cells present 
‘ ee | 
A,O serum +B red cells 
e 37°C | 
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. 2. Agglutination in a mixture of serum with a varying number of red 
cells, at two temperatures. 


Fig 


instead of the number itself has been plotted against the logarithm of 
the number ., of agglutinated red cells. At each temperature JN, 
increases as a function of V, and attains a maximum value N,. It is 
apparent that the maximum number of red cells agglutinated increases 
as the temperature decreases. 

For comparative purposes the ratio of the maximum number JN, at 
4°C to the maximum number N,, at 37°C has been determined for 
numerous sera. First it was found that the heating of sera at 56°C 
for 50 minutes produces changes of V,/N,,. This treatment has the 
effect of destroying an inhibitor whose action varies with temperature, 
and which has been identified with the complement (ZERMATI et al., 
1947: AvBEL-LEsuRE, 1950).* To account for the presence of this 
inhibitor, all the measurements which will be described below and in 
other sections were made with heated sera. 

* However, according to a recent communication of M. H. WiLktk (1956 Federation 
Proc. 15, 622) this identification is not established. 
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In addition, the absence of nonspecific ‘‘cold”’ agglutinins was always 
controlled. If they existed at all, they were absorbed by shaking the 
sera with washed O cells at 4°C. 

In Table 1 the values of N,/N,, found for 59 sera are reported. 
There appear to be four distinct classes into which the data may be 
separated. The numerical proportion of the different classes suggests 
a genetic correlation. If one considers the 41 sera of subgroup A, 
taken at random, one sees that 80 per cent of them have the same value 
2-5 + 0-2 for the N,/N,, ratio. According to THOMSEN’s data, 78 per 
cent of the individuals in the A, subgroup have a genotype A,O. This 
proportion is very close to the proportion of the sera with an N,/N,, 
ratio equal to 2-5. As a matter of fact a number of these sera were 
identified to be of the A,O genotype. The donors had an A,B father 
and a B mother, or a B father and an A, mother. 

On the other hand it was expected that the A, sera of which the 
N,/N,; ratio are close to 1-3 would be of the homozygote genotype 
A,A, or heterozygote genotype A,A,. In agreement with this postula- 
tion the N,/.V,, ratio of 1-3 was found both for sera unquestionably of 
the A,A, genotype and for those which were probably of the A,A, 
genotype (Finirri-WvRMSER ef al., 1954). The two other classes of 
sera listed in Table 1 belonging either to subgroup A,, (.V4/N3, = 2), 
or to group O, (NV,4/N3, = 1-2), obviously do not present any diffi- 
culties of characterization. 

The simplest assumption that could be made concerning this possi- 


‘ 


bility of classifying the anti-B sera is that the sera of a given genotype 
contain a unique isohaemagglutinin characterized by the effect of 
temperature on its action with B red cells. The anti-B isoagglutinins 
will be designed by the symbols: 6(OO); 6(A,A,); £(A,O); B(A,O), ete. 

In favour of this view there is the argument that in the sera with the 
higher V,/N,, values, it has been demonstrated (FrLirti- WURMSER and 
Jacquot-ARMAND, 1947), that the fraction of agglutinin not absorbed 


at 37°C agglutinates more red cells at 4°C than at 25°C and more at 25°C 
than at 37°C. Consequently one is not dealing here with a mixture of 
“hot” and “cold” specific agglutinins. The temperature effect is due 
to the exothermicity of one and the same reaction. None of the 
measurements which are going to be described contradict this hypo- 
thesis of homogeneity. But the degree of this homogeneity, to what 
extent it is valid, will be discussed in Section VII. 


IV. THERMODYNAMIC STUDY OF THE ISOHAEMAGGLUTININS 
1. The primary stage of agglutination 
Up to now we have been dealing with the total phenomenon of aggluti- 
nation, that is to say the combination of the isoagglutinin with the 
agglutinogen group of the red cells as well as the subsequent process of 
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aggregation. It is the second stage, much less rapid than the first one, 
which necessitates the long agitation in order to reach the equilibrium 
state of agglutination. The mechanism of aggregation is obviously very 
complicated. Whatever the nature—specific or not specific—of the 


TABLE 1 
Maximum Number per cubic millimetre of B Red Cells Agglutinated x 10-8 ina 
minature of 0-6 ml heated serum + 0-3 ml Suspension of B Red Cells in Buffer; 
N3, 18 at 37°C; N, ts at 4°C 


NIN; Sera Ny N N,/N 5, 


A, Sub-Group 
A,O 


1,200 
982 
1,700 
3,000 
S10 
950 
1,000 
400 
3,500 
2,800 6,200 
1,100 3,000 
1,300 3,100 
800 1,900 
900 2,360 
1,900 4,100 
2,560 6,600 
1,600 3,700 


270 742 
375 1,015 
346 980 
393 1.090 
400 1,000 
520 1,200 
520 1,254 
760 2,100 
800 2.030 
700 1,680 
800 1,900 
1,000 2,500 
1,000 2,500 
930 2,422 
1,000 2,450 


Ie iy bo bo be bo 


bo bo bo bo bo LO bo te 
bo ty te ty ty bo bo bo bo bo bo bO bO bo bS bS bo 


1,160 1,680 “44 2! 1,500 1,772 
5,000 6,900 ‘38 1,800 2,000 
5,500 7,550 ‘37 : 2,100 2,900 
5,500 6,600 -20 3 13,600 19,000 


A, Sub-Group 


1,000 2,000 2-00 14 1.300 2,600 
800 1,600 2-00 45 1.800 3,300 
890 1,850 2-07 


O Group 


2,500 3,300 . { 5,000 6,200 
3,000 3,600 : 5 6,700 8,000 
2,700 3,400 5é 6,500 7,500 
6,700 8,000 11,000 14,000 
2,900 3,300 5 3,700 4,100 

1,100 1,460 

2,000 2,600 
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cohesive forces which exist between the agglutinated cells, there are 
great difficulties in devising a quantitative theory for such a process. 
By contrast, the theoretical treatment of the primary stage is simplified 
by a fact already indicated in the introduction. Considering the spatial 
arrangement of the aggregated red cells, it is evident that, for geo- 
metrical reasons, even if the agglutinin is ‘‘multivalent,” a very small 
number of its molecules would have more than one specific site combined 
with the agglutinogen group. Thus one may expect that the agglutinin, 
whether it is or is not “monovalent,” will behave as a monovalent 
reactant. If then one considers a red cell as a large molecule, one ought 
to be able to apply the mass-action law, following the theory of multiple 
equilibria (FrLirt1-WURMSER ef al., 1950). Only a small proportion of 
agglutinogen groups on a red cell will be combined. These will react 
as if they existed as independent molecules. If moreover the agglu- 
tinogen groups are identical, an apparent intrinsic constant K may be 
calculated which characterizes the association of an isoagglutinin 
molecule with an agglutinogen group. 

The theory of multiple combinations has been established and the 
argument discussed by LryperstROM-Lana (1924), von MuRALT 
(1930), Wyman (1943), and Kiorz (1946). The association constant 
corresponds to the equilibrium between red cells carrying » molecules 
of isoagglutinin fixed on n sites specified by their position and red cells 
varrying, in addition to the above, an extra molecule of agglutinin on 


another similarly specified site. The ratio r, of the number of moles of 
isoagglutinin combined to the number of moles of red cell present is 
mK(A) 
l K(A) 


(1) 


where m is the number of agglutinogen groups per red cell, and (A) the 
concentration of free agglutinin in the equilibrium state. 


2. Estimation of the isoagglutinin concentration in relative value 

In order to apply relation (1) to the study of isohaemagglutinins it is 
necessary to have a method for dosage of these substances which is 
valid for small concentrations of the order of 10~!° moles per litre. The 
old technique “‘two-fold dilution” which consists of noting the highest 
dilution corresponding to the lower threshold of agglutination is not 
precise enough, since the threshold is not defined sufficiently. The 
method of HrEmpELBERGER and KENDALL (1929), founded on micro- 
determinations of nitrogen, is, in spite of its high sensitivity, still 
below that which is necessary to study systems where the concentration 
of the isoagglutinins varies between 10~° to 10-!° moles per litre. The 
method which has served for this thermodynamic study permits one to 
obtain the concentration of the isoagglutinins in relative values with 
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an accuracy of 5 per cent (Fitirri-WuRMSER et al., 1950). It consists 
of measuring under reproducible conditions the power of agglutination, 
expressed as the maximum number of agglutinated red cells. In order 
to know the concentration in absolute value, it is necessary to establish 
a coefficient describing the relation between the agglutination power 
and the molarity of the agglutinin. This determination was done for 
each type of isoagglutinin in a zone of concentrations sufficiently high to 
permit good micro-nitrogen determinations. Since the agglutination is 
an exothermic process, there is an advantage in choosing, for the relative 
measure of the isoagglutinin concentration, the maximum number of 
agglutinated red cells at a temperature as low as possible, but suffi- 
ciently distant from the freezing point. For experimental conditions 
the temperature of 4°C and a mixture of 0-6 ml of serum with 
0-3 ml of a suspension of red cells in a buffer were chosen. The 
shaking of the mixture must be continued until the equilibrium is 
reached (60 minutes at 4°C). The maximum number of agglutinated 
red cells N, is proportional to the concentration of the isoagglutinin, as 
is shown in Table 2. 


TABLE 2 


Proportionality of the Maximum Number N, to the Concentration of Serum 
in the Mixture of Serum Plus Red Cell Suspension 


Anti-B serum* Anti-A serumt 


roe : N, x dilution oer : : N, x dilution 
Dilution N, x 107° . ~ 10-3 Dilution N, x 12> , x 10-3 


740 7400 $7 : 2619 
554 8310 : 2532 
533 7995 26 2502 
566 8490 : 2530 
495 7425 : 2660 
380 7600 
264 7920 
Mean value: 7880 + 400 Mean value: 2 
* Frurrri-WurRMSER et al. (1952). 
+ Maveripes (1954). 
3. Application of the mass-action law 
Relation (1) may be arranged in a linear form such that 


l l l 


r. mM mK(A) 

We shall be using relation (2) except in the discussion of the homo- 
geneity of the agglutinins (Section VII) where another mode of presenta- 
tion of results is more convenient. 
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Let us consider a mixture at equilibrium containing NV, red cells per 
cubic millimetre in the presence of a more or less diluted serum at a 
given temperature. The relative agglutinin concentration of the 
serum was, before the addition of red cells, measured by the number 
N,. One centrifuges and then one looks for the maximum number JN,’ 





Anti-8 sera + B red cells 37°C 








(1/N2)* 10° 


Fig. 3. Binding of anti-B isohaemagglutinins by B red cells at 37°C. 

Abscissa: reciprocal of the free agglutinin concentration (in relative value). 

Ordinate: reciprocal of the amount of agglutinin fixed (in relative value) per 
red cell (equation 3). 


of agglutinated red cells in the supernatant. NV,’ is proportional to the 
molar concentration (A) of free agglutinin. The difference (V, — N,') 
or N, is proportional to the number (GA) of agglutinogen groups G 
combined with the agglutinin A in one cubic millimetre. Moreover, 
N, is proportional to the total number of group G, combined or not, 
present in this same volume. The value of r, is 6 « 10!N,/(¢N,) 
where ¢ is the ratio .V,/molarity. As the concentration (A) of the 
agglutinin remaining free is equal to V,'/¢, relation (2) may be written: 
ex 10" 6x 1° 
md mKN, 
If one mixes different proportions of red cells to serum, one has, 
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once the equilibrium is attained, different values of N,/N, and of 
1/N,'. Accordingly, if NV,/N, is plotted against 1/N,’, one ought to 
obtain a straight line whose slope P is 6 x 10!"/mK. 

Fig. 3 represents the results obtained at 37°C with different sera of 
A,O individuals, different sera of A,A, individuals, different sera of 
A, individuals, and different sera of group O individuals (Fmirri- 
WuRMSER é¢ al., 1950, 1952, 1953c). 





| A,0 sera + B red cells 


1 


| 
| 


(1/N4)x 10° 


Fig. 4. Binding of the f(A,O) isohaemagglutinin by B red cells at 25°C and 
37°C. Same abscissa and ordinate as in Fig. 3 (Equation 3). 


It could be argued that the particular characteristics of the anti-B of 
group O sera was due to the presence of anti-A isoagglutinins. However 
it has been demonstrated (Fmirt1-WURMSER et al., 1952) that the slope 
P has the same value for the sera deprived of anti-A by absorption on A, 
red cells at 4°C (Fig. 3, encircled points) as that for the nontreated sera. 


4. Determination of the heat of reaction 


Fig. 4 gives an example of straight lines obtained at two temperatures 
25°C and 37°C with different A,O sera mixed with B red cells. The 
slopes of these lines are respectively 0-5 x 10° and 1-5 x 10°. From 
eq. (3) it follows that the determination of slopes P, and P, of the lines 
obtained for the same serum at two temperatures 7’, and 7’, makes 
possible the estimation of the enthalpy change AH: 


Fr. F520 
AH = 4-575 log —* __* 3 .(4) 
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a red cell does not vary with the temperature. There is ample evidence 
that such a condition is adequately fulfilled. 

In the first place Mavripes (1950) found the same value of AH 
(— 16 keal) for 6(A,O) by substituting a suspension of stroma for B 
red cells. This eliminates an influence of a temperature effect on the 
cellular structure or size. Furthermore unlike the strong response of 
A,O sera to the variation of temperature, the response of group O sera 
is very weak in the presence of the same B red cells. 

Thus relation (4) can be applied and one is able to obtain by simple 
red-cell counts the heat of combination of the various isoagglutinins 
with an agglutinogen group. Table 3 shows the results which have been 
obtained until now for anti-B agglutinins (Frurrri-WURMSER eéf al., 
1950, 1952, 1953c) and anti-A (Mavripgs, 1955). 


The condition imposed is that the number m of agglutinogen groups on 


TABLE 3 


Heat of Combination of Isohaemagglutinins by Agglutinogens 


AH 


Tsoagqqlutinin Aaglutinogen ; 
99 99 keal/mole 


V. MoLecuLaR SIZE OF THE ISOAGGLUTININS 
Since the various anti-B isoagglutinins combine specifically with the 
same B agglutinogen groups, and since the thermal effect measured 
corresponds to all types of changes produced in the two reacting 
molecules, the possibility was considered that the differences between 
these isoagglutinins were not due, or not entirely due, to the specific 
parts of their molecules. This point is well illustrated by the study of 
the molecular dimensions (Finirri-WuRMSER ef al., 1953a). The 
measurements have been carried out on f(A,O), 6(A,A,) and £(OO), 
with a Spinco ultracentrifuge, by the analytical method employing 
partition cells. The relative concentration of isoagglutinins in the two 
compartments (central and peripheral) was determined from the 
maximum number of B cells agglutinated at 4°C. The sedimentation 
constant is calculated from the formula given by Tise.tus et al. (1937), 


9 =e 2A 
S= — ——In|{1 — — 
2w*t | gxC, 
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where is the angular velocity, t the time of centrifugation in seconds, 
C the initial isoagglutinin concentration, A the quantity of agglutinin 
which has passed from one compartment to the other, q the area of the 
surface of separation, and x its radial distance. In order to obtain the 
sedimentation constant at infinite dilution, measures were made first 
with sera at different dilutions in buffer, then with solutions of eluated 
agglutinins. The sedimentation constants measured are plotted against 





8 (00) B(A,A,) | B(A,0) 


\ | 














fe) 0-005 0 ~ 0005 
An 





J 
O 0-005 


Fig. 5. Sedimentation constants, at 20°C, in Svedberg units, of three anti-B 
isohaemagglutinins in varying concentrations of total protein. An is the differ- 
ence in refractive indices between buffer solution and diluted serum or eluate. 


An which is the difference between the refractive indices of the 
isoagglutinin solution and the buffer. Fig. 5 shows the results of the 
experiments carried out on the sera of six A,O individuals, six A,A, 
individuals, and six OO individuals. Two series of measurements were 
made on OO sera in order to see whether the sedimentation velocity of 
B(OO) is influenced by the presence of anti-A isoagglutinins. In the first 
series, the OO sera contain anti-A isoagglutinins; in the second series 
the OO sera were deprived of anti-A isoagglutinins by previous 
absorption. The anti-A isoagglutinins have no influence on the value 
of the 6(OO) constant of sedimentation. 

The crosses situated near the axis of the ordinate (Fig. 5) represent 
the values recently observed (WURMSER ef al., 1954, 1956) with a 
solution of isoagglutinin obtained by elution from B stroma which were 
saturated with isoagglutinin. In these eluates there are 700 times less 
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of other proteins mixed with the isoagglutinins than in the original 
serum. The values of the sedimentation constants extrapolated to 
infinite dilution and at 20°C are respectively, in Svedberg units: 


lsoagglutinins 


p(A,O) 
B(A,A, ) 
(00) 


The new values obtained with eluates, 15-7 for 6(A,O) and 5-7 for 
B(OO), agree with the results previously (Frurrri-WURMSER ef al., 
1953a) reported, 15-5 and 6-5 respectively. The new value found for 
6(A,A,) is 8-4 instead of 11. But nothing is changed as to the essential 
fact that the size of 6(A,A,) is definitely intermediate between the two 
others. These results seem to afford a rather strong confirmation of 
the idea that the differences found between the heats of reaction of 
the anti-B isoagglutinins of sera of different genotypes ought to be 
attributed to differences in the carriers of the specific groups and not 
to differences in the structure of the specific groups themselves. 

One may perhaps explain the facts observed by AUBEL-LESURE 
(1955) in the same way; that is to say, by a modification of the mole- 
cules of isoagglutinin as a whole. In those experiments A,O sera were 
treated for 45 to 60 minutes with glucose, within the concentration 
range M/3 and M/18, with a variation of temperature between 25°C 
and 37°C. The transformation after a period of induction is progressive. 
It leads to the irreversible formation of an agglutinin characterized by 
a value for (— AH) of approximately 40 kcal. The interpretation of 
these facts is by no means clear. However, a possible explanation may 
be a copolymerization of the isoagglutinin. 


VI. CompuTaTIONS OF EQUILIBRIUM CONSTANTS AND 
VARIATIONS OF ENTROPY 
The evaluation of equilibrium constants requires, in addition to the 
red-cell counts which are sufficient for the determination of the heats 
of reaction, microdeterminations of nitrogen. Indeed the slopes of the 
straight lines which represent V,/N, as a function of 1/,’ are inversely 
proportional to the product mK, and the number m can be obtained 
only if we are able to measure concentrations of agglutinin in absolute 
values. That is to say one needs to evaluate the value of the coefficient 
¢. This evaluation is based on the specific combination of the 
isoagglutinin of a serum with a known JN, with the stroma of B cells. 
N,' is determined on the supernatant and the nitrogen fixed on the 
stroma is measured using the micro-Kjeldahl method (Jacquot- 
ARMAND and Finirri-WvuRMsER, 1953). Table 4 gives examples of this 
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TABLE 4 


Equivalence of the Concentration of Agglutinin expressed as N, with the 
Agglutinin Nitrogen Concentration 


Combined Agglutinin 
lutini agglutinin given in | ml serum when 
1ge¢ , ? > y . 

( 99! utinin by N;y x volume N,=1-x 106 
N (ug) 6 ’ 
‘ x (10-8) N (ug) 


Volume 

of the Stroma 

mixture N (ug) 
(ml) 


Combined 


27,340 O45 
632 0.4S 
9g]? 0-36 
1.000 O-47 
Sol O55 
487 0-49 
Mean 0-47 0-06 


OOU O-4S 
600 0-44 
100 0-4 
ean 0-44 0-04 


35-4 57 
184-6 
100-0 
183-0 


52 
OSS 
ODD 


Vean 0-50 


type of determinations for A,O, A,A, and OO sera. In the first column 
one finds the volume of the mixture of serum and stroma suspension, 
in the second column the nitrogen determined on the B stroma after 
agitation in the presence of an AB serum (in order to account for non- 
specific absorption); in the third column, the excess of nitrogen fixed 
on stroma when it is shaken in the presence of an anti-B serum; in the 
fourth column the quantity of fixed isoagglutinin expressed as 
(N, — N,') < (volume in cubic millimetres). The last column lists the 
value FR, that is the quantity of specific nitrogen, expressed in micro- 
grammes, contained in 1 ml of serum whose relative concentration of 
isoagglutinin is 1 « 10° expressed as N,. The coefficient ¢ is equal to 
M/(R x 10-*® x 6, 25), where M is the molecular weight of the agglu- 
tinin. One notes that, for a given quantity of stroma, when the quantity 
of isoagglutinin in the sera varies considerably, the R& ratio remains 
constant. This fact is mentioned since the same value of F is used 
for the transformation of both the units of V, and NV,’ to molarity. 
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In order to calculate ¢ it is necessary to know the molecular weight M 
of one isoagglutinin. No real estimation of the value of M can be made 
from the sedimentation constant without diffusion measurements. 
Nevertheless, as it is worth while to get at least approximate values of 
the equilibrium constants, probable values of WM have been chosen, 
taking into account the sedimentation constants reported in the former 
section. The results of these computations are given in the following: 


M 


~ 500,000 17 x 104 
~ 200.000 0-73 «x 1014 
~ 125.000 0-40 « 1014 


The molarity of each isoagglutinin in the different sera studied varied 


respectively : 
B(A,O) from 1 x 10°Mto6 x 10-°8M 
B(A,A,) from 1 x 10-°°M to3 x 10-7M 
B(OO) from 2 x 10-8M to 3-5 x 107M 


Kapat and Brzer (1945) have determined the nitrogen of human 
anti-B isoagglutinins fixed on B substance. According to their data 
when the agglutinin titer of the sera at 37°C is 1/4, the nitrogen anti- 
body precipitated per millilitre of serum in microgrammes is 0-6 to 0-7. 
This data gives values of the same order of magnitude as those cited 
above for the concentration of anti-B isoagglutinin. 

Evaluation of m. The straight lines such as those of Fig. 3 and Fig. 4 
cannot be used for calculating m from the intercept on the ordinate. 
These lines represent measurements which have been made under 
conditions where only a small proportion of the agglutinogen groups is 
combined. It follows from this that 1/m falls at the origin ot the axis 
in the graphic representation. For this reason one has to be content 
to evaluate the average number of agglutinogen groups per red cell 
under other experimental conditions. 

When measured with a lower number of red cells, the V,/.V, ratio 
will approach closer to being a measure of m. But in the experiments 
made with a small number of red cells and an elevated concentration of 
isoagglutinin, the difference between V, and J,’ is small and the 
results imprecise. 

Only an approximate value of m is available. A first approximation 
of the value of m was obtained from experiments done with group O 
sera and B red cells at 4°C. The extrapolation gives a value for m 
greater than 1 x 10°. In another set of experiments done with A,O 
sera a value for m of 5 x 10° was found. The equilibrium constants 
quoted in Table 5 have been calculated with this value of m. 

Using these equilibrium constants and the values of the heat of 
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TABLE 5 


Thermodynamical Data for the Binding of anti-B Isohaemagglutinins by 
B Agglutinin 


B(OO) B(A,A,) B(A,O) 


K3,- litre/mole 0-3 x 107 “5 x 107 0-8 x 10° 
K4,0 litre/mole x 10? ‘8 x 10° 2-2 x 10’ 
Ke litre/mole 7-0 x 10° 
AF%,° keal/mole 9-5 9: 9-8 
AS3,0 cal/degree ; Q- - 20 


reaction from Table 3, one may calculate the corresponding variation 
of entropy AS by mean of relationship (5): 


AS = (AH + RT' In K)/T 


Table 5 indicates the results obtained for three isoagglutinins: /(A,O), 
B(A,A,) and f(OO). 

The most serious source of uncertainty in these calculations is derived 
from the determination of the value m. However, this uncertainty does 
not affect the characteristic differences between the variations of 
entropy corresponding to the fixation of three kinds of isoagglutinins 
on B agglutinogen. 

The significance of these very great differences between the values 
of AS corresponding to the combination of $(A,O), 6(A,A,) and 6(OO) 
with the same B agglutinogen is worth consideration. The respective 
molecular dimensions of these isoagglutinins do not explain entirely 
the differences of AS if one only considers the contribution of the terms 
of translation and rotation of the molecule as a whole in the expression 
of affinity. The ratio of the partition functions for #(A,O) and for 
B(OO) is approximately (M4, 0/Moo)'. where Ms. and M,, are the 
molecular weights of the molecules, supposedly spherical and with 
equal densities. (M4 6/3 0) is almost equal to 4. Therefore one has a 
difference of free energy RT In 44, of approximately 3-4 keal, which 
corresponds to a variation of entropy of 11 units, whereas the variation 
between AS, and AS, 4 approaches 44 units. But the differences 
between the carriers of the anti-B group are able to contribute to the 
differences of affinity in ways other than by their translational and 
rotational terms. It is not necessary to suppose that the specific sites 
differ in the nature or arrangement of the aminoacids involved in the 
linkages on 6(A,O), 6(A,A,) and 6(OO). Indeed, one can cite many 
examples of the combination of a specific group on a protein molecule 
having an effect through the whole molecule. The 6(OO) isoagglutinin 
whose fixation is without a great thermal effect combines with the 
B agglutinogen group because of the increase in entropy. This increase 
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may perhaps be due to a type of partial denaturation of 8(OO) following 
the “strain” produced at the specific site. An intramolecular perturba- 
tion would be brought about also in the case of §(A,O) isoagglutinin, 
but the carriers are so different for the two agglutinins that one can 
easily suppose some rearrangement with formation of several supple- 
mentary hydrogen bonds for 3(A,O). Obviously the same assumption 


may be made for f(A,A,). 


VII. HOMOGENEITY OF THE ISOHAEMAGGLUTININS 

There are many proofs particularly from the work of Heidelberger and 
his school (HEIDELBERGER and KENDALL, 1935; Kapat and HeIDEL- 
BERGER, 1937) that there exist antibodies with different reactivities 
towards one determinant group and antisera with varying proportions 
of these antibodies. This nonuniformity appears in some experiments 
(Finirti-WUuRMSER and AvBEL-LESURE, unpublished) which have 
been made on an anti-B serum of rabbit purified by absorption on 
A,O and O cells. The value of the product (V,/',).,' varies from 2 to 
4-5 at 37°C instead of being constant as with the isohaemagglutinins.* 
In contrast, one cannot help but be impressed by the fact that all the 
normal human sera of the same genotype when mixed with B red cells 
gives values of V,/N, which when plotted against 1/N,’ fall on the same 
line. This fact would obviously be difficult to explain if each individual 
serum was a mixture of anti-B agglutinins. Moreover, it is unlikely 
that all sera of the same genotype possess a constant proportion of 
different isoagglutinins. 

We shall now consider the quantitative aspect of the question. In 
view of this discussion it is advantageous to treat the experimental 
results described above in a somewhat different manner. In all the 
experiments the number of G groups combined is small with respect to 
the total number of G groups on the red cells present. The possibility 
therefore follows of assuming .V, as a value proportional to the concen- 
tration (G) of the free groups. The ratio r, of the combined isoagglu- 
tinin to the total isoagglutinin is equal to V,/N,. Thus, if the iso- 
agglutinin is univalent, or react like it is univalent for the reasons 
already indicated, one has: 

K(mN,/6 x 10%) 
K(mN,/6 x 1017) 


It is convenient here to represent the experimental results by putting 


. (6) 


this relationship in the form: 


No 6 x 10*7 : _N 
» kK K — meee 


N, mN, N, 
* According to equation (3) the constancy of (N,/N,)N,° holds in the range of experi 
mental values of V,’, that is for NV,’ < ¢/K. 
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As ScaTcHaRD (1949) has emphasized, this type of representation 
has the advantage of not minimizing the range of concentration where 
the experimental data are lacking. The values of (1/4) (6 x 1017/N,) 
are plotted against the values (NV,/N,). The results at 37°C are given 
in Fig. 6. One notes that the plots representing the measurements 
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Fig. 6. Linear plots of binding data for anti-B isohaemagglutinins according to 

equation (7). Abscissa: fraction of combined agglutinin. Ordinate: fraction 

of combined agglutinin divided by red-cell molar concentration (H). In the zone 

corresponding to dashed lines, homogeneity is tested by elutions and successive 
absorptions. 


with 6(A,O) and £(OO) attain or pass the abscissa 0-5 without deviating 
from linearity. However, in this test of equation (7) there exists a large 
gap. The possibility is not excluded that measurements made with an 
extremely small number of red cells, corresponding to a small value of 
(V,/N,), would deviate from linearity. 

With this problem in mind the study of eluted isoagglutinins give 
additional information. Table 6 indicates the results obtained after 
absorbing 90 per cent of 6(A,O) isoagglutinin on stroma of B red cells 
at 4°C. The elution at 52°C frees 32 per cent of the fixed 6(A,O). An 
aliquot of the solution with eluted §(A,O) is shaken with B red cells. 
The values of the product (V,/N,)N4’ at 37°C and 25°C agree with the 
values normally obtained (Fig. 4) on total sera for 6(A,O). Thus, the 
elution has not liberated a fraction with a lower affinity. Analogous 
results are obtained with 6’(A,A,) isoagglutinin. 
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TABLE 6 
Equilibrium Measurements between B Red Cells and Eluates of B(A,O) and B(A,A,) 
I. 91 per cent of §(A,O) contained in a serum is fixed on B stroma at 4°C and 32 per 
cent of the fixed /(A,O) is eluted at 52°C. 
If. 76 per cent of B(A,A,) contained in a serum is fixed on B stroma at 4°C and 33 per 
cent is eluted at 52°C, 


(N,IN,)N,’ x 10 


1-49 
0-60 


2-16 


It is also observed that the isoagglutinin remaining free, when serum 
is mixed with B cells and shaken, has the same affinity as the iso- 
agglutinin in the initial serum. If an agglutinin with a weak affinity 
did exist in sufficient quantity in the serum, it would predominate 
among the isoagglutinin not fixed in the first agglutination. Table 7 
presents the results of successive absorptions on B red cells of anti-B 
sera from individuals of different genotypes. One sees that the values 


TABLE 7 
Equilibrium at 37°C in a Mixture of B Red Cells with Serum Untreated S: 
with Supernatant after a First Agglutination with B Red Cells at 37°C Sy; with 


Supernatant after Absorption on Opossum Red Cells at 4 C So» 


10-3 N, x 10-3 Ny LO 


1390 
334 
346 

1123 
340 
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of (N,/N,)N,' are the same for the initial S serum and for the SB 
supernatant obtained by centrifugation after the first agglutination. 
For example, for §(A,A,) at 37°C, if 68 per cent of this isoagglutinin is 
fixed on 4:5 x 10° B red cells per cubic millimetre in the first agglu- 
tination, in the second agglutination carried out on the non-fixed 
6(A,A,), again in the presence of 4-5 « 10° B red cells per cubic milli- 
metre, 68 per cent of 6(A,A,) is fixed. 

Moreover, experiments made with mixtures of various sera, some of 
which will be described in Section IX, allow one to consider f(A,QO), 
6(A,A,) and f(OO) as homogeneous within the experimental error. 

Finally it is necessary to emphasize that the homogeneity of anti-B 
isohaemagglutinins discussed here concern their affinity with respect 
to the B agglutinogen, and not with respect to every other antigen. 
The question was raised by a recent paper of OWEN (1954), who extended 
the investigations of FRrepENREICH and Wrru (1933). He found that 
some human anti-B sera retain, after several absorptions on opossum 
red cells, an agglutinating power with respect to B red cells, while other 
anti-B sera lose nearly all their agglutinating power. OWEN sees in 
these experiments the confirmation of the idea that there exists in 
anti-B sera different agglutinins, some absorbable and others non- 
absorbable by an antigen of the opossum red cells. The interpretation 
of these facts is less simple. JAcQuotT-ARMAND ef al. (1956), studying 
this phenomenon, have found that the more or less important absorption 
of the anti-B isoagglutinin by the opossum red cells depends on the 
proportion of anti-opossum agglutinin present in the serum. All human 
sera, including the AB sera, which do not contain any antihuman 


isoagglutinin, contain antiopossum red cells agglutinins. The fact that 


the antiopossum red-cell agglutinin is able to exist in different quantities 
in diverse human sera may explain the variable proportions of human 
anti-B absorbed on opossum cells. In any case it has been practically 
impossible to absorb on the opossum red cells all of the 6(A,Q), 6(A,A,), 
B(A,O) and 6(OO) of the human sera studied. It was thus necessary to 
investigate whether the fraction of anti-B which was not absorbed by 
the opossum cells has an abnormal affinity with respect to B antigen. 
Here again it was observed that the value of (.V,/.V,)N,’ is the same for 
the isoagglutinin not fixed on animal cells as the value (V,/N,)N,’ in 
the original serum (Table 7). 

To summarize, it has been impossible to find in a serum with a 
determined genotype a heterogeneity of the isohaemagglutinin which 
manifests itself by a difference in affinity for B antigen. It is granted 
that differences in affinity could exist which are not detected by the 
sensitivity of the method employed. An estimation of this possibility 
would be rather intricate since it would depend both on the quantity 
of hypothetical components and on the affinity that one would suppose 
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for each of them. We can say that the sensitivity of the method as it 
stands is sufficient for distinguishing 10 per cent of 6(0O) mixed with 
90 per cent /(A,O). 


VIII. AGGLuTINOGEN GROUPS 


In comparing various agglutinins, the heterogeneity of the red cells is 
not to be taken into consideration, for in the very large number of 
experiments described above the same red-cell suspension was used 


to prepare the mixtures with the various sera. 

However, it is noteworthy that the méasurements performed over a 
period of ten years involve a large number of samples of B red-cell 
suspensions, from many different donors. Thus to the homogeneity of 
the anti-B sera apparently corresponds a similar homogeneity of the B 
red cells. We cannot estimate the degree of the latter because, as 
already emphasized, the proportion of agglutinogen groups combined 
with agglutinin molecules was always very small. 

The fact that no difference in the product (V,/.V,)N,' was observed 
when AB cells were substituted for BO cells indicates that, within the 
precision of the method, the product mK is the same for these two types 
of red cells. However it appears from the recent experiments of WILKIE 
and BECKER (1955b) that there is a difference in the number of B groups 
carried by AB and BB red cells. 


IX. FORMATION OF THE ISOHAEMAGGLUTININS 


Let us now consider the mechanism of formation of isohaemagglutinins. 
There exist essentially two conceptions concerning their origin. Either 
the isohaemagglutinins result from an immunization by the environ- 
ment, or their origin is genetically determined by a pleiotropic gene. 
For the case of anti-B, on the first hypothesis, both anti-A and anti-B 
are produced by all individuals, but antigen B present in the individuals 
B removes anti-B. On the second hypothesis, a single gene directly 
causes to occur both the antigen A in the red cells and antibody anti-B 
in the serum. 

The differences observed among the various anti-B isohaemagglu- 
tinins fit more simply the latter hypothesis, but do not necessarily 
contradict the former if only the formation of the specific anti-B group 
is considered. Indeed, the imprint of the genotype may be carried by 
the precursor of the isohaemagglutinin, and the pleiotropic effect 
restricted to the formation of this protein. 

In the current conception of BRErnL and Havrowirz (1930), anti- 
bodies are globulin molecules with surfaces complementary to the 
specific configuration of the antigen. The complementarity is assumed 
to be brought about by a definite kind of folding of the peptide chain 
of the precursor. The characteristic feature of the isohaemagglutinin 
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formed by an individual of a given genotype would thus be derived 
from that of the precursor which gives rise to this agglutinin. It would 
be interesting to see if a “genotypic imprint”’ is found in antibodies of 
experimental or infectious origin. 

We have to consider now the problem which arises from the occurrence 
of an anti-B agglutinin #(A,O) differing from f(A,A,) and £(OO) by its 
affinity and its molecular size (WURMSER and Finrrri-WuRMSER, 1953). 








N4= 500,000 
© Na = 1,700,000 | 


a 





1 
(1/N4) x 10 
Fig. 7. Comparison of 6(A,O) agglutinin and a mixture of f(A,A,) and B(OO) 


with respect to their affinity for B agglutinogen. Same abscissa and ordinate as 
in Fig. 3. (From Frurrrr-WvurMseEr et al., 1953b.) 


It may be argued that we are dealing with a mixture of #(A,A,) and 
B(OO) agglutinins. But the study of mixtures of group O and subgroup 
A,A, sera showed (Fiuirt1-WvuRMSER ef al., 1953b) that this objection 
is not valid. The values of the ratio V,/N, have been calculated for 
such mixtures as a function of NV,’ by applying the mass action law and 
utilizing the equilibrium constants of Table 5. The results have been 
compared with the experimental determinations (Fig. 7) and a satis- 
factory agreement was obtained. The experimental points fit the calcu- 
lated curve. In the region of quasi-linearity, the slope at 37°C is equal 
to 3 x 10°. It is intermediary between the slopes which correspond to 
the £(A,A,) and £(OO) isohaemagglutinins which are respectively 
2-3 x 10° and 4:0 x 10°. Therefore the 6(A,O) isoagglutinin, which 
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gives a slope of 1-5 x 10°, cannot be confused with a mixture of 
f(A,A,) and £(OO). 

The isoagglutinin 6(A,O) is an example of a protein characteristic of 
a heterozygote. Very few hybrid substances have been detected until 
now. Their possible significance for the explanation of heterosis has 
been suggested by HALDANE (1955). Thus the occurrence of 8(A,O) is 
of very great interest. 

From the standpoint of the mechanism of its formation, the situation 
is entirely different from that of haemoglobins found in sicklaemic 
individuals. In the heterozygotes, as Pauine et al. (1949) have 
shown, both the normal haemoglobin and the particular sicklaemia 
haemoglobin are present. This is explained by a competition between 
the normal gene and its allele. In the case of the 6(A,O) isohaemag- 
glutinin, how can the co-operation of the two alleles in its formation be 
explained? To give an idea of the possible mechanisms, let us return 
to the hypothesis that the synthesis of the isoagglutinin is carried out 
in two stages. These would be, first, the formation of the precursor, 
and, second, the acquisition by this precursor of the particular con- 
figuration which will permit it to react with the specific group of agglu- 
tinogen B. Each of the A, and O genes presides over the synthesis of a 
precursor. But when the A, and O genes are present at the same site 
of formation, the two precursors formed are later associated to produce 
a hybrid precursor. 

Work which has a particular bearing upon this problem must be 
mentioned at this point. DuNnsFrorp ef al. (1953) made a very complete 
study of the first and only known case of a human being, originally of 
group O, but having two types of red cells: 61 per cent of them are 
group O and 39 per cent are A,. This individual is a ‘“‘chimera’’ whose 
twin brother, who died 25 years ago, as established by the authors, 
was subgroup A,. 

Fruirt1-WURMSER and JAcQuoT-ARMAND (1956) have investigated 
the anti-B agglutinin of the serum of this chimera. They found that it 
is 6(A,O). This is consistent with the hypothesis outlined above. 


X. CONCLUSIONS 
In conclusion it may be said that the fixation of isohaemagglutinins 
on red cells obeys the mass-action law. This made it possible to obtain 
quantitative data informing us about, for instance, the heat of reaction 
and the entropy change. Unexpected facts which appeared from these 
data and which were verified by an entirely independent method have 
proved their usefulness for characterization problems. For instance, it 
was found that, among isohaemagglutinins specific against the same 
agglutinogen, differences exist which are themselves specific. A mark 
is superimposed which depends on the genotype of the individual who 
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synthesized the agglutinin. These differences, revealed by thermo- 
dynamic properties, have been confirmed by measurements of molecular 
size. 

One of the experimental facts which emerged from these studies is 
the occurrence of an agglutinin synthesized by heterozygous individuals 
and different from that made by either homozygote. Many problems 
appear in this connection, all of which are of interest for general biology. 

The results just summarized have been obtained by studying the 
molecule of agglutinin as a whole. But without doubt further research 
along the lines described will yield a great deal of information about the 
structure and properties of the groups involved in the binding with 
agglutinogens. 
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USE OF LABELLED PLASMA PROTEINS 
IN THE STUDY OF NUTRITIONAL PROBLEMS 


A. S. McFarlane 


THE realization that plasma proteins play an important role in the 
day-to-day metabolism of higher animals we owe mainly to the work 
of G. H. Wurerte and his numerous collaborators in the decade 
1935/45. Their technical approach was of a classical nutritional type 
which will be summarized briefly below. Towards the end of this 
period the isotopic method was introduced by SCHOENHEIMER and 
RITTENBERG and taken up by numerous investigators including 
WHIPPLE and members of his group. The results have not been easy 
to reconcile with earlier ones, and part of this essay is to be regarded 
as an attempt to do this. The remainder is devoted to some less 
directly nutritional aspects of the behaviour of plasma proteins as 
observed with the use of labelled molecules. No apology is necessary 
for presenting mainly physiological topics of these kinds in a biophysical 
volume since the views discussed are derived largely from the use of a 
new and complicated physical technique and depend critically on the 
interpretations which may be given to measurements made with its 
help. 


I. NUTRITIONAL STUDIES 

The focus of attention by WuiprLe and others (ef. MaAppEN and 
Wurpep.e, 1940; Mevnick ef al., 1936a,b; Wrecu, 1939) has been on 
the liver as the main, if not the sole, organ for making and storing 
plasma proteins including albumin, globulins, fibrinogen, and the 
globin of haemoglobin. This view is mainly derived from the following 
observations. Healthy dogs on a generous protein diet were able to 
maintain an almost constant plasma protein level (6 g/100 ml) in spite 
of daily withdrawals of as much as a quarter of their circulating plasma. 
The technique of withdrawal which involves return of red cells to 
prevent anaemia developing, they have called plasmapheresis. Only 
when the intake of protein in the diet was limited did the plasma protein 
level begin to fall, but even in such cases healthy dogs were able to 
stabilize it at a lower level. On a so-called basal protein diet the plasma 
protein level remained constant indefinitely at 4-0 g/100 ml, while 1-g 
plasma protein per kilogramme body weight was being withdrawn daily. 

In this state of physiological strain the equilibrium achieved is 
inevitably a delicate one susceptible to a variety of influences and 
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especially to changes in the quality or quantity of dietary protein. 
When most favourable protein (beef serum) was fed in moderate 
amounts, the highest recorded efficiency of conversion of dietary 
nitrogen to plasma protein nitrogen resulted. This was placed 
variously at 38 per cent by MappEN and Wurpp_e (1940) and 53 per 
cent by MELNICK e¢ al. (1936), according to different methods of caleu- 
lation, and could be increased if the animal was made anaemic as well as 
hypoproteinaemic (RopscHett-Rossrns ef al., 1945). A noteworthy 
feature was that considerably more than 1-g plasma protein per kilo- 
gramme had to be withdrawn daily for the first 7 to 10 days before the 
animals settled down to deliver this amount regularly. This was taken 
to mean that there exists outside the circulation a reservoir of plasma 
protein which must first be reduced or even completely drained before 
a new equilibrium state can be established. 

If liver function was intentionally impaired, for example by injecting 
acacia which accumulated in liver cells, or if the portal blood was 
diverted from the liver by an Eck fistula, the ability to manufacture 
plasma protein under the dual stresses of anaemia and hypopro- 
teinaemia was much reduced—in the case of Eck fistula dogs to as 
little as one-tenth or 0-1 mg/kg/day. This was believed by WuHtprLe 
et al. (1945) to show that the liver is the critical organ for production 
of blood proteins, including the globin of haemoglobin. This view is 
supported in their opinion by a mass of clinical evidence showing that 
diseases affecting the liver, such as cirrhosis and hepatitis, are associ- 
ated with low levels of plasma albumin, prothrombin and fibrinogen. 
On the other hand such conditions are not usually associated with 
anaemia, a fact which seems to have escaped the attention it probably 
deserves in relation to the metabolic origin of globin. 

In a different type of nutritional experiment WHIPPLE and his 
collaborators examined the ability of plasma protein and haemoglobin 
administered parenterally to meet the nitrogen requirements of dogs 
on a nitrogen-free diet. HOLLMAN ef al. (1934) established that daily 
injections of plasma will keep dogs in nitrogen balance and in good 
health for 20 days or more and without an increase in plasma-free 
amino-acid levels occurring (HOWLAND and Hawkins, 1938). Thus 
injected plasma proteins appear to be used directly to meet the 
nutritional needs of the animal, i.e. without prior breakdown to free 
amino acids. Haemoglobin given intraperitoneally by MILLER ef al. 
(1945) was not used so efficiently for this purpose as were plasma 
proteins, but in larger amounts it maintained the animal in nitrogen 
balance. These authors state “it is surprising that an incomplete 
protein (globin) can contribute so effectively to the protein pool as it 
must obviously be supplemented by amino acids inadequately repre- 
sented in globin drawn from some reservoir store to produce cell protein 
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or plasma protein. The whole globin in some dogs is more effectively 
used than the haemoglobin digests, suggesting that some of the globin 
may be used without much breakdown and loss of nitrogen as is so 
conspicuous in the body use of plasma proteins where there is no loss 
of nitrogen.” 

From experiments of the foregoing types the thesis is developed that 
a mobile pool of proteins exists inside and outside the vascular system 
which can be used in emergency for a variety of purposes including 
tissue repair and red cell formation. The size of the pool is variable, 
depending on the previous dietary history of the animal, but with an 
upper value estimated by MAapDEN ef al. (1938) to be equivalent to 
twice the mass of protein in the circulating plasma. Prolonged fasting 
with or without plasma withdrawals depletes the pool without 
apparently causing permanent injury to the mechanism for forming 
plasma proteins. A minimum period of 2-6 weeks of continuous 
moderate withdrawals on a basal diet is necessary to deplete this 
reserve store, heavier withdrawals over a shorter period being ineffec- 
tive. Large amounts of protein given in a single meal to a depleted dog 
have been shown by MApDEN et al. (1937) to lead to increased plasma- 
protein production lasting over the next 14 days. This carry-over 
effect of a diet presents a major technical difficulty in interpreting the 
results of many depletion experiments, opinions differing sharply on 
precisely how long a period of preliminary plasmapheresis is necessary 
before a new state of nutritional equilibrium can be achieved (cf. 
MappDEN and Wuipeptez, 1940; MELNICK ef al., 1936a,b). 

It is important also that no unsuspected accessory factor or critical 
amino acid should be in short supply. For example RosscHeErr- 
RosBins e¢ al. (1945) show that lack of iron or isoleucine can severely 
limit haemoglobin production and lead to erroneous deductions con- 
cerning the animal’s basic capacity to produce this protein. Within 
these limitations the nutritional methods of investigation outlined here 
have given important information about plasma-protein production, 
but clearly the information is derived from animals in more or less 
serious states of nutritional strain, a qualification which does not apply 
to information derived from the use of isotopes. 


Il. In Vivo SynTHeEsts OF PLASMA PROTEINS FROM 
LABELLED AMINO ACIDS 
Following the pioneer work of SCHOENHEIMER, RITTENBERG, and their 
collaborators, who fed !°N-labelled amino acids to rats over a period 
of days and observed the rapid appearance and subsequent disap- 
pearance of labelled plasma proteins (cf. reviews by SCHOENHEIMER, 
1942; RirrENBERG and SHEMIN, 1946; SPRINSON, 1948), Frvk ef al. 
(1944) fed or injected [e-!©N] lysine to dogs. Later MILLER ef al. (1949) 
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made a more detailed study of the appearance of labelled plasma proteins 
in the dog following the feeding of DL-[e-“C] lysine at a single meal. At 
24 hr, when specific activities of plasma proteins had maximum values, 
the specific activity of total plasma protein was 20 times that of 
haemoglobin. Globulin specific activity reached a maximum which 
was more than twice that of albumin, and subsequently declined 
faster until the two proteins had almost the same value at 70 days. 
At 24 hr, 1-5 per cent of the label was associated with proteins in the 
plasma while activity in expired CO, rose and fell in parallel with 
nonprotein “C activity in the plasma. The choice of lysine for these 
experiments was prompted by the fact that this amino acid was shown 
by FosteR, SCHOENHEIMER and RITTENBERG (1939) to be practically 
unique in resisting deamination in vivo. The low utilization (1-5 per 
cent) was partly due to the use of the DL acid, the unnatural D form 
being unused, and partly to feeding large amounts of inactive protein 
with it. 

Proteins of the viscera, intestine and duodenum of dogs killed at 
24 hr were found to be highly labelled, as was also observed by 
Borsook ef al. (1950). Significant secondary labelling of glutamic and 
aspartic acids and of arginine took place as the experiment progressed. 
The authors fully realized that the labelled lysine and other amino 
acids labelled secondarily from it were being reused, and therefore that 
rates of decline of plasma protein specific activities did not directly 
reflect rates of protein metabolic breakdown. They deduced that 
globulin is metabolized faster than albumin in the dog, and therefore 
that this animal should be better able to replace globulin than albumin 
after plasmapheresis, as indeed they had already shown to be the case. 
YUILE et al. (1952) fed L-[}4C] lysine or plasma proteins labelled with 
this amino acid to dogs and observed similar rates of appearance of the 
label in plasma, urine, and expired air in both types of experiment. 
They concluded that the orally administered protein was completely 
broken down. Maximum labelling of plasma proteins occurred at 7 hr, 
the activity in plasma proteins at this time representing as much as 
6 to 8 per cent of the activity fed. Globulin again became labelled to a 
higher maximum value than albumin, but received proportionately 
less of the label than did albumin when the active protein was accom- 
panied by substantial amounts of inactive protein in the diet. Expired 
CO, had maximum activity at 1 to 2 hr corresponding to a breakdown 
rate of 4 per cent of the dietary labelled protein per hour. However, 
this rate fell sharply, as did also the nonprotein-bound activity 
of the plasma, and after 7 hr these two and the specific activity 
of plasma protein declined in parallel. Combined urinary and faecal 
excretions were low throughout—less than 1 per cent of the dose 
daily—whereas total expired @CO, after 48 hr represented 16 to 
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28 per cent, the remainder being present as labelled protein in the 


carcass. 

Aspovu and TARVER (1952) obtained essentially similar results after 
oral administration of [}4C] serine-labelled protein or of C-labelled 
Rhodospirillum organisms to rats. TARVER and REINHARDT (1947) also 
fed [°S] methionine to hepatectomized dogs and showed that labelling 
of tissue proteins proceeded at the same rate as in normal dogs. Much 
work with isolated organs and tissue slices which is reviewed by 
TARVER (1954) confirms that cells in many parts of the body are able to 
build protein from amino acids without help from the liver. Thus we 
must agree with SCHOENHEIMER’s view that there is keen competition 
at all times for injected labelled amino acids. However, they are not 
used solely for protein-forming purposes, as is indicated by the high 
initial rate of expiry of “CO,. The curve of free amino acid specific 
activity should therefore fall away rapidly with time, but not necessarily 
in parallel with the curve of plasma nonprotein MC activity. BARRY 
(1952) measured free amino specific activities after injecting [carboxy- 
4C) lysine and similarly labelled tyrosine into lactating goats, and 
found these at 2 hr to be less than 10 per cent of the values at 20 min: 
similar results have been obtained in rabbits using [“C] glycine 
(Dovey et al., 1954: McFarnane, 1952). 


II. 1. Measurement of free amino-acid specific activities 

The precise course of free amino-acid specific activities must have an 
important bearing on the appearance of labelled proteins in the 
plasma, and it is unfortunate therefore that formidable technical 
difficulties are encountered in obtaining the necessary data. These 
arise from the small amounts of free amino acids available in plasma 
samples and from the presence of other labelled substances which are 
difficult to remove. Barry’s values obtained with large plasma samples 
are probably the most accurate so far obtained. He specifically 
liberated the carboxyl carbon of the amino acids in protein-free 
filtrates by means of lysine and tyrosine decarboxylases. Unfor- 
tunately he made no measurements after 12 hr, and did not measure 
specific activities of individual plasma proteins. Any uncertainty in 
his measurements is probably concerned with the precise ratio of carrier 
amino acid, which he was obliged to add, to the amount of labelled 
amino acid in the diffusate. 

The [*C] glycine measurements referred to in the rabbit were made 
over the full period of a plasma protein turnover experiment, but in 
addition to uncertainty regarding the proportion of glycine in rabbit 
free amino acids (which was assumed to be constant throughout) 
allowance could not be made for secondary spreading of the label, e.g. 
to serine. Both difficulties can be partly overcome by using a repre- 
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sentative mixture of labelled amino acids and by assuming that spread- 
ing of the label from one amino acid to another as the experiment 
progresses is a mutually compensatory process over the whole pool. 
This assumption is clearly an approximation, but fortunately for it those 
amino acids which tend preferentially to gain in activity by secondary 
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Fig. 1. Specitic radioactivities of free amino acid and protein carbon of plasma 

after injecting a hydrolysate of “C-Chlorella protein into rats. Amino-acid 

values are maximum ones since all diffusible radioactivity of plasma is 
attributed to amino acids (cf. text). 


labelling (glutamic and aspartic acids and alanine) by virtue of their 
close contact with the tricarboxylic-acid cycle also tend to lose activity 
rapidly into the large metabolic pool represented by the cycle. If the 
assumption is correct it is not necessary to know the concentration 
and carbon content of individual amino acids in the mixture, but only 
the mean total values. 

CAMPBELL et al. (1956a) injected hydrolysed “C-Chlorella protein (cf. 
CaTcu, 1954) into normal rats (0-05 mg/300 g rat) and followed specific 
activities of albumin, globulin, and free amino acids for 3 weeks (Fig. 1). 
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Albumin and globulin attained maximum values in 2 to 4 hr, at 
which time 2-0 per cent of the injected activity was associated with 
proteins in the plasma. Thereafter specific activities of both declined 
rapidly until, at the 4th day in the case of albumin and the 8th day in 
the case of globulin, truly exponential decay rates were established. 
Plasma samples were dialysed and total activities in protein-free 
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Fig. 2. Information as in Fig. 1 but for rabbit instead of rat. 
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diffusates measured and expressed per milligramme amino-acid carbon. 
Activity present in diffusable substances other than amino acids was 
thus attributed to the latter so that values obtained are to be regarded 
as maximum and not actual amino-acid values. Similar measurements 
have been made after injecting “C-protein hydrolysates into rabbits 
(Fig. 2). Mrmier, Bry and Bae (1954) obtained a curve of non- 
protein activity after giving ['C] lysine to rats which is essentially the 
same as the amino-acid curve in Fig. 1. 

Decline of maximum amino-acid specific activities both in the rat 
and rabbit is so rapid in the first few minutes that it is impossible to 
measure the initial values with any precision. Estimates may be 
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obtained however by assuming the injected amino acids to be distri- 
buted throughout a pool equal to all the free amino acids of lymph 
and plasma. Measured values at 2 hr were small percentages of these 
estimated initial values—less than 1 per cent in the case of the rabbit 
and 0-25 per cent in the case of the rat. Inside 5 min more than 90 per 
cent of the injected activity had left the lymph and plasma. This 
amply confirms the findings of BorsooK ef al. (1950) in mice, findings 
which were open to question on the grounds that large amounts of 
glycine, histidine, leucine, or lysine were injected (up to thirty times 
the amount of the same amino acid in the plasma). Since the weights 
of Chlorella protein hydrolysate used in these experiments with rats 
and rabbits were less than 1 per cent of the free amino acids in the 
recipients’ plasma, it is evident that the rapid disappearance of labelled 
amino acids did not result from raising the free amino-acid level, 
but represents a true exchange of amino acids proceeding in both 
directions. 

Both rat and rabbit results show that an amount of amino acids 
equivalent to all the free amino acids of lymph and plasma are exchanged 
at least every 5 min. In metabolic terms this is a massive exchange 
and may indeed make this one of the dominating metabolic processes 
in the body. For instance, the weight of amino acids in lymph and 
plasma is about | per cent of the weight of plasma proteins, so that this 
rate of amino-acid exchange may be regarded as equivalent to a turn- 
over rate for plasma proteins of | per cent in 5min. Rabbit total 
plasma protein is normally made and replaced at approximately 8 per 
cent per day or only one-fortieth this rate. Thus the rapid disappear 
ance of amino acids is not required to any major extent for plasma 
protein production, and indeed this could not be so for the additional 
reason that the activity which disappeared in 10 min from lymph 
and plasma was found at biopsy by Borsook and co-workers (1950) 
to be diffusely distributed in the viscera and gastrointestinal tract, i.e. 
without exceptional localization in the liver as the seat of albumin 
synthesis. 


II. 2. Labelling of visceral proteins 

Some of the activity found in the viscera must of course be present as 
free intracellular amino acids, but for the whole of it to be present in 
this form it would be necessary to postulate improbably high concentra- 
tions or specific activities of free intracellular amino acids. All the 
evidence suggests that most of the activity is associated with intracel 
lular protein which is in process of rapid exchange with free amino 
acids. Results of many experiments with perfused organs and tissue 
slices suggest almost equally rapid rates of protein production (GREEN 
and ANKER, 1955: Askonas and Humpnurey, 1955) labelled proteins 
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being found in significant amounts within 10 min of presenting the 
organ or tissue with labelled amino acids. Labelled plasma proteins 
are usually detectable in the blood stream within 15 min of injecting 
the amino acid, and the production of labelled casein in milk is shown 
by CAMPBELL and Work (1952) and by Barry (1952) to precede the 
appearance of labelled plasma proteins in the same animal. Against 
this background the high rate of synthesis of labelled intracellular 
proteins by viscera may not appear so remarkable. 

Thus isotope experiments on animals in protein and amino-acid 
equilibrium demonstrate the existence of a large intracellular protein 
pool which is potentially highly mobile in a metabolic sense, since it is 
in rapid reversible exchange with plasma-free amino acids. This 
protein is probably not of a particular type but comprises many kinds 
with different turnover rates. For practical purposes of course all the 
protein of the body is “‘mobile” in this metabolic sense, with the major 
proportion in muscle turning over extremely slowly. 

Thus we may visualize plasma-free amino acids as constituting a 
central pool communicating reversibly with numerous protein pools. 
A sudden depletion of protein or amino acids occurring in any one pool 
will be made good by migration from all the others. At first the loss 
will be borne mainly by the compartment in most rapid exchange with 
the central one. Redistribution will then continue in all compartments 
until ultimately the loss is evenly distributed in proportion to pool size. 
Therefore in considering the problem of plasma protein loss by 
plasmapheresis a critical consideration is whether there exists a pool 
of protein in the body which is in more rapid exchange with the central 
one than the plasma protein pool, and which is of large enough capacity 
to take care of the emergency. The shapes of free amino-acid specific- 
activity curves show that the central pool is turned over many times in 
the first hour at rates which are higher than those required for plasma 
protein production. This indicates that there is indeed such a pool 
and one which is theoretically adequate to take care of protein with- 
drawals at rates up to 2 or 3 times that of normal plasma protein pro- 
duction. Wurpp.e and his collaborators found that regular depletions 
of this order were never feasible, and even their severest depletions could 
have been met, at least in theory, merely by total suppression of normal 
plasma protein breakdown, i.e. without calling on reserves in other pools. 

It seems also that the body must possess a large and rapidly exchang- 
ing protein pool, if only to take care of sudden dietary influxes of amino 
acids. After a single large protein meal, amino acids may arrive in the 
plasma equivalent to some 50 to 100 times the amount normally 
present. It is clearly important that the plasma amino-acid level 
should not be allowed to fluctuate too widely if serious renal loss of 
valuable amino acids is to be avoided. The fact that smooth specific 
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activity curves of the type shown in Figs. 1 and 2 have been obtained 
at all in tracer experiments with animals on normal dietary regimes 
testifies to the presence of an adequate buffering mechanism. Thus, 
the normal amino-acid level must be determined primarily by the 
constants of exchange reactions with a large mass of tissue protein, 
and not as is often supposed by a few opposing factors such as liver 
uptake and renal excretion. 


Il. 3. Labelling of plasma proteins 

Albumin and globulin curves in Figs. 1 and 2 have general shapes which 
are now known to result from single injections of various isotopically 
labelled amino acids into a variety of animals (cf. KINSELL et al., 1950: 
NIKLAS and Maurer, 1952; Miner et al., 1949; VoLWwILer ef al., 
1955). Since a broadly similar general pattern results from single 
injections of labelled proteins it may be inferred that the effective 
period of production of highly labelled molecules from labelled amino 
acids is quite short, and that specific activities of intracellular amino 
acids decline rapidly at first as do those of plasma amino acids. How- 
ever, values will never be entirely negligible even in the later stages of 
an experiment, and new molecules formed from them will have signi- 
ficant specific activities. The presence of such new molecules must 
affect the slopes of plasma-protein specific activity curves, and only 
after assessing the magnitude of reutilization is it possible to deduce 
metabolic elimination rates from experiments involving injections of 
labelled amino acids. Since sufficiently accurate free amino-acid 
measurements are not yet available in most cases, this can seldom be 
done. The general effect of reutilization must be to prolong protein 
half-lives, since free plasma amino-acid specific activities decline more 
slowly than do plasma-protein specific activities. 

It is also not readily possible to dissociate metabolic from other 
effects in the period before maximum activities are reached. New 
labelled molecules are diluted as they arrive in the plasma with existing 
unlabelled ones, so that the maximum activity attained is a function 
both of the rate of production and of pool size. One might at first 
sight be inclined to assume that, if albumin and globulin have similar 
maximum specific activities and their plasma concentration ratio is for 
example 2:1, then albumin is being produced (or turned over) twice as 
fast as globulin. This would not be justified however because it 
ignores the fact that both proteins are in continuous exchange with the 
same proteins in the lymph, using the latter term to imply a fluid 
containing all the extravascular albumin and globulin of the body. 
That this is so was shown directly by WassERMAN and MAyERSON 
(1951) and by Benson et al. (1955) by injecting I proteins into dogs 
and rats provided with lymphatic cannulae. Their results also showed 
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incidentally that plasma proteins equilibrate at very different rates 
with lymph in different organs and parts of the body. 

After injecting a labelled protein, the plasma-protein specific activity 
falls steeply at first to about half the original value, showing that an 
amount of protein exists outside the circulation equal to that inside, 
and that the two are in rapid exchange. Thereafter a much slower 
process of final equilibration takes place in the rat (Fig. 7), suggesting 
the existence of a small amount of more slowly equilibrating lymph. 
The rapid process must greatly affect the apparent rate of appearance 
of new labelled molecules in the plasma when labelled amino acids are 
given. Even in the first hour a substantial proportion of new molecules 
will have escaped into the lymph, and since McKexr ef al. (1952) have 
shown that albumin passes across capillary membranes faster than 
does globulin, the effect on albumin specific activities will be greater 
than on globulin values. Surprisingly, this early phase of experiments 
with labelled amino acids seems to have escaped attention. It should 
be possible to measure the lymph/plasma equilibration rate independ- 
ently, or even in the same animal with the help of a differently labelled 
protein, and to make allowance for it. When this is done the albumin 
maximum should be increased more than that of globulin, and apparent 
efficiencies of incorporation of the label into both proteins will be 
substantially higher than values based on the measured maximum 
specific activities. The slopes of rising portions of specific activity 
curves (assumed to be exponential, cf. insert to Fig. 1) when corrected 
in this way will still have a complicated significance however. 

There is every reason to believe that. the production of plasma 
proteins takes place in a regular way, i.e. there is a steady rate of net 
transfer of amino acids from a precursor intracellular pool into the 
protein pool. In this event, and neglecting the effect of metabolic 
breakdown in the first few hours, an exponential rate of build-up of 
labelled protein in the plasma should reflect an exponential rate of 
decline of labelled amino acid in the precursor pool. It would be inter- 
esting therefore to compare precursor amino-acid specific activity 
curves “reconstructed” in this way for a number of proteins with each 
other and with the specific activity curve of amino acids in the common 
plasma pool. However, additional complications enter into these 
considerations as will be shown in the next section in which factors 
governing the distribution of proteins between lymph and plasma are 
discussed. 

Ill. DistripuTION OF LABELLED PLASMA PROTEINS IN 
INTRA- AND EXTRA-VASCULAR SPACES 
It is important in practically all in vivo studies of the behaviour of 
proteins in the plasma to know accurately the relative masses of the 
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same proteins to be found outside the circulation. This is only possible 
by measurements following the injection of a labelled protein into the 
bloodstream if the time course of specific activity in every lymph 
compartment is known, and if it is permissible to assume that mixing 
is complete in the sense that specific activities are the same throughout 
each compartment at any one time. Since the various compartments 
cannot all be sampled, and indeed it is difficult to obtain a truly repre- 
sentative sample from even one of them, this is clearly an unattainable 
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Fig. 3. Twin-compartment equilibrium system with no metabolic breakdown 
process. Labelled molecules injected into P. 


ideal. Efforts have therefore been directed by many investigators 
towards extracting the maximum information from measurements 
made on the plasma with the full realization that a number of more or 
less dangerous assumptions will have to be made. 

If the known multiplicity of lymph compartments (mesenteric, 
hepatic, muscle lymph, etc.) are visualized as a single idealized 
equivalent compartment (Z in Fig. 3) in which all labelled protein 
molecules were derived exclusively from labelled molecules injected in 
the first instance into the plasma compartment P, then for a time net 
transfer of labelled molecules (or of activity) will take place from P to 
L, the motive force being the kinetic energy of protein molecules. 
This process has been called one of interfusion by SHEPPARD and 
HOUSEHOLDER (1951) to distinguish it from diffusion which is motivated 
by a concentration gradient. If no other processes operate, net transfer 
of activity will cease at an equilibrium time when specific activities 
are the same in both compartments. (SHEPPARD and HOUSEHOLDER 
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point out that, if there are several lymph compartments all communi- 
cating with a central one, even the relatively simple interfusion 
equations cannot be solved rigidly without information derived from 
measurements on all of them.) 

If, however, labelled molecules are being selectively lost from one 
compartment, say P in Fig. 4, or if random breakdown and replacement 
with unlabelled molecules is occurring in it, specific activities in this 
compartment will continue to fall. They will rise at first in the other 
compartment (as in Fig. 3) until specific activities are the same in both 
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Fig. 4. Idealized lymph (1) and plasma (/?) compartments with random 

metabolic breakdown and replacement by unlabelled molecules confined to P. 

4 

specific activity of lymph protein after ¢, is constantly higher than of plasma 
protein at the same time (cf. CAMPBELL ef a/., 1956). 


true equilibrium time and ¢t, = apparent equilibrium time. Note that 


and when this is so no interfusion or transfer of activity will take 
place. Thereafter specific activities must be higher at all times in L 
than in P, and a redistribution of labelled molecules will proceed 
between compartments involving net transfer from ZL to P in an effort 
to make good the losses from P. Thus the time at which maximum 
specific activity is reached in the L compartment (¢,) is also the only 
time at which specific activities in both compartments are the same. 
This critical time we will call the equilibrium time. The relationship 
described here between specific activity curves of the same substance 
in two physical compartments is also essentially that of precursor and 
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product in the case of a chemical transformation of one labelled 
substance into another considered by ZrLvERSMIrT ef al. (1943). 

The equilibrium time should be distinguished from a later time (f,) 
at which an apparent equilibrium is reached, i.e. the time at which the 
exponential part of the plasma specific activity curve begins. The slope 
of the subsequent linear semilogarithmic curve is not due, as is often 
assumed, solely to metabolic loss and replacement, but always includes 
a contribution due to continuous redistribution. This was fully 
realized by REINER (1953), SoLOMON (1953), WRENSHALL (1955), and 
BERSON and YAaLow (1954), and was made the basis of generalized 


10 


o 


L 





WwW 


Activity in plasma 
Total retained activity 











Time 


Fig. 5. If plasma activity is a constant fraction of total retained activity, 
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this fraction equals “>? (Berson, YALOw, SCHREIBER and Post, 1953). 
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mathematical treatments by them in several recent papers. These 
authors all conclude that further progress depends on more information 
becoming available with which to dissociate metabolic from redistri- 
bution effects. 


III. 1. Hetrapolation method 


Efforts naturally continue to be made to obtain even approximate 
estimates for total extravascular protein. The most popular method 
(STERLING, 1951) is to extrapolate the post-equilibrium part of the 
plasma specific activity curve to zero time, obtaining thereby a hypo- 
thetical specific activity of lymph and plasma protein (Vo, Fig. 4) on 
the assumption that the injected activity was distributed evenly in 
both compartments. For the reasons given, use of this method assumes 
that redistribution is negligible in relation to metabolic breakdown, i.e. 
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that specific activities in both compartments are the same. The 
method is sometimes applied in a different way (BERSON and YALow, 
1954) by plotting the ratio of total activity in one compartment to 
that in both against time, assuming the mass of protein in each 
to remain constant. If this ratio is found to be constant (Fig. 5) it is 
taken to be the mass ratio of protein in one compartment to that in the 
system as a whole, which clearly it will only be if specific activities in 
the two compartments are the same. In practice total retained activity 
is assumed to be equal to injected activity less activity excreted in the 
urine. 


Daily urinary excretion of '?'I 








Fig. 6. If activity excreted per day in the urine settles down to become a 

constant fraction of total activity retained in the animal then, D-Do represents 

activity associated with altered labelled protein, and should be subtracted from 
the injected dose for metabolic purposes (cf. Buanp et al., 1955). 


In both versions of the extrapolation method, if some of the injected 


activity is not present in either compartment, e.g. if it happened to be 
metabolically isolated in lymph ducts, or if it was excreted in addition 
to normal metabolic excretion, the result would be a proportionate 
exaggeration of the L/P ratio. A method proposed by BuLaup et al. 
(1955) to circumvent this difficulty is to plot urmary excretion against 
total activity in the animal. Assuming metabolism to proceed in 
parallel with total body activity, this should give a straight line when 
plotted on a linear scale. In practice urinary excretion was found to 
lie above the extrapolation line at first (Fig. 6), and this was attributed 
to the presence of altered labelled protein which the animal had 
rejected and broken down in the first few days. The authors conclude 
that superfluous activity represented by D-Do should be subtracted 
from the injected dose to give the effective dose for subsequent meta- 
bolic processes. For a group of normal humans D-Do was found to be 
equivalent to approximately 10 per cent of the injected dose. The 
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method rests on the unlikely assumption that metabolic breakdown 
occurs in both compartments in proportion to the mass of protein in 
each. Thus both extrapolation methods have an insecure theoretical 
basis and also have the practical disadvantage that they depend on 
critical measurements of specific activity made on plasma samples 
which must be taken after the injected molecules have fully mixed in 
the plasma and before any significant loss from the plasma has had 
time to occur. 


IIL. 2. Equilibrium time method 
Evidence has been presented by CAMPBELL ef al. (1956b) in favour of the 
view that albumin and y globulin are mainly if not exclusively meta 
bolized in rats in sites which are closely associated with the plasma and 
correspondingly removed from the lymph. The evidence depends on a 
finding of parallelism between rate of urinary '!I excretion and of total 
plasma protein activity, and is illustrated by plotting so-called excretion 
(or “‘metabolic’’) rates, i.e. 24 hr urinary ™*'I activities expressed as func- 
tions of mean prevailing plasma protein activities over the corresponding 
period (Fig. 7). During the first few days when the total activity 
associated with protein in the plasma was falling rapidly, the excretion 
rate as defined above was constant. On the other hand, if urinary 
activity was expressed as a function of total activity in the animal as a 
whole rather than in the plasma, the excretion rate fell rapidly at first. 
Comparison of the behaviour of the same ™'I with similar MC- 
labelled proteins (Fig. 8) showed no evidence for an exceptional loss of 
131] proteins from the plasma in the first few days. Corroborative 
evidence comes from studies by Berson and YaLow (1954) of human 
nephrosis in which urinary I activities followed plasma-protein 
specific activities closely when !*'I albumin was injected either into the 
circulation or into the peritoneum, although in the first few days the 
plasma protein specific activity curve followed a rising course in one 
case and a declining course in the other. Baverr ef al. (1954) also 
observed similar effects in their study of cirrhotic patients with ™1] 
albumin, and concluded that catabolic turnover must be occurring 
primarily in the vascular compartment. HumpHrey and McFARLANE 
(1955), showed after injecting ["@C] amino acids, that albumin and 
normal y globulin reached maximum specific activity in the plasma of 
rabbits in 4 to 5 hr, whereas antibody globulin produced in an extra- 
vascular site took 50 or more hours to reach maximum concentration 
in the plasma. Furthermore, since MILLER and BaLe (1954) showed 
that albumin is exclusively produced in the liver, and hepatic rat 
lymph proteins are in rapid exchange with plasma proteins (BENSON, 
Kim and BoLumMan, 1955), the case for a functionally vascular origin 
for this protein at least appears to be made. In what follows it is also 
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necessary to assume that breakdown as well as replacement occurs in 
the plasma compartment, and evidence which will be discussed in due 
course is available, indicating that the liver may also be an important 


site of protein catabolism. 
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Fig. 7. Plasma protein 1 specific activities (in blocked symbols) after 
injecting individual labelled proteins into groups of normal rats. Also shown 
are urinary 24-hr-!*!I excretions (in open symbols) and the same values (top of 
figure) plotted as functions of mean total activities in plasma during period of 
’ or ‘‘metabolic rates’’) (from CAMPBELL et al., 


1956). 


excretion (so-called *‘excretion’ 


First we may assume, as is frequently done, that for an adult animal 
in protein equilibrium all protein broken down is more or less promptly 
replaced, and in addition we will make the less justifiable assumption 
that metabolic breakdown and replacement can be represented by a 

132 





DISTRIBUTION OF LABELLED PLASMA PROTEINS 


single equivalent balanced rate process which we will call the metabolic 
process. (If breakdown and replacement occur in different compart- 
ments the following considerations will not necessarily apply.) Con- 
sidering the hypothetical 2-compartment system in Fig. 4, it has been 
shown mathematically by CAMPBELL ef al. (1956b) that an experimental 
finding of linearity in the semilog plot of specific activities in one 
compartment after apparent equilibrium has been established justifies 
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Fig. 8. Comparison of elimination of }4C- and '!I-labelled rat proteins injected 
into comparable groups of normal rats (from CAMPBELL ef al., 1956b). 


certain approximations, which in turn imply that specific activities in 
the other compartment must also be linear over the same period. 
Also, whereas extrapolation methods of measuring L/P ratios depend 
on the critical assumption of identical specific activities in both com- 
partments, the following conclusions only require that they shall have 
a constant ratio. Only at the critical time ¢, are specific activities the 
same in both compartments. At this time fofal activity in the extra- 
vascular compartment reaches a maximum, since for a constant mass 
of protein in the compartment the time curves of total and specific 
must be parallel. The product of plasma specific activity and of mass 
of protein in the circulation gives the total activity in the plasma. 
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The ratio of total activities in the two compartments at equilibrium is 
also the ratio of the protein masses in each (or the L/P value) since at 
this time specific activities are the same in both compartments. 

A distinctive feature of this method of deriving L/P ratios is that it 
does not depend on the specific activity of an early plasma sample. 
Accurate measurements which are required to find the equilibrium 
time are of proximal plasma protein specific activities and urinary 
1317 activities, and of total I excreted. Thus the experiment need not 
last more than 2 or 3 days. The use of urinary information to determine 
retained activity suggested by BAUMAN ef a/. (1955) assumes that excre- 
tion is exclusiyely renal. CAMPBELL ef a/. (1956b) illustrate the use of an 
alternative method based on total body y-radiation measurements. 

Faecal excretion in the rat in 24 hr is 2 to 5 per cent of the urinary 
activity in the same period, but accurate information on this point 
with different labelled proteins in different species and over the full 
period of an isotope experiment is not available. Salivary excretion 
may also not be ignored. Urinary excretions increased by 10 per cent 
may be taken to represent total excretions fairly closely. The injected 
dose must be known accurately and may be checked from the measure- 
ment of specific activity of the first plasma sample if the mass of protein 
in the circulation is known. 

Approximate values derived for L/P in the rat by this method both 
with albumin and globulin (CAMPBELL ef a/., 1956b) were 1-3 to 1-6. 
These values were derived from measurements on an inadequate 
number of blood and urine samples available in the neighbourhood of 
the equilibrium point, and are to be regarded as provisional. If any 
significant proportion of injected labelled molecules had been pre- 
maturely metabolized, the activity thus liberated from protein 
combination and appearing in the urine (McFarLaNng, 1956) would not 
have affected the estimations of retained dose or the L/P values. This 
would not be true however if labelled molecules were retained in the 
animal in such a way that they had ceased to exchange in any physico- 
chemical way with similar molecules in lymph and plasma. 


III. 3. Activity distribution method 

Using the same basic model, i.e. a 2-compartment equilibrium system 
with breakdown and replacement confined to one compartment, 
CAMPBELL et al. (1956b) have shown that the ratio of activities at 
any time in the two compartments is given by the ratio (after 
subtracting unity) of metabolic rate (or urinary excretion rate, cf. 
Fig. 7) to plasma protein apparent replacement rate, the latter 
being obtained from the slope of the plasma protein specific activity- 
time curve. This activity ratio can be used to obtain L/P values 
if specific activities in both compartments are known, which is 
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generally not the case. However, if lymph specific activities are assumed 
always to be higher than plasma values at the same time, the activity 
distribution ratio gives a valuable measure of the maximum L/P value. 
The ratio in this case also can be measured at any time after equilibrium 
is achieved, and therefore depends only on the behaviour of labelled 
molecules which have survived in the lymph and plasma after the first 
few days, i.e. it is independent of the presence of denatured material 
in the labelled protein which was injected. 

In the rat the activity-distribution method gave practically the same 
maximum value for L/P whether measured with “I albumin or 
131]-y» globulin. Values were in the same range (1-3 to 1-6) as those 
arrived at for L/P by the equilibrium time method, implying that 
differences in specific activities of proteins in lymph and plasma 
compartments in this animal must be small. On the other hand, 
values measured in the same animals by the extrapolation method 
were considerably higher (2-2 to 3-0), indicating an initial extrametabolic 
loss of activity. The observation that an equally large apparent loss 
occurred after injecting “C-labelled proteins suggests that it may be 
part of a physiological phenomenon such as temporary passage of 
lymph and plasma proteins into a compartment in which they cease 
for practical purposes to be metabolized or redistributed. Lymph in 
lymphatic ducts could theoretically comply with the requirements, 
but it is not necessary to give the compartment an anatomical 
definition. The observed phenomena could also be explained by non- 
ideal mixing in several or all of the real lymph compartments combined 
with slow return flow of lymph to the plasma via lymphatic ducts. 

Metabolic isolation of a lymph fraction alone is inadequate to 
explain the facts, and in any case labelled molecules would not pene- 
trate into an isolated compartment in the first instance. The essential 
point is that a constant proportion of lymph and plasma protein 
should always be in transit. In the isotope experiment this protein 
will be constantly returning to the plasma with a specific activity 
which is higher than that of plasma protein at the same time. From 
what is known of the physiology of the lymph system a specific 
activity discontinuity could occur at the junction of lymph and plasma 
at the thoracic and other lymph-returning ducts, but the possibility 
is one which is extremely difficult to examine mathematically or 
experimentally. 

A mechanism of this kind which in effect virtually syphons incom- 
pletely mixed lymph back into the plasma with a time-lag should 
have the following consequences. It should increase the total activity 
in the plasma and give rise to L/P values by the equilibrium time and 
by the activity-distribution methods which are too low. It should give 
rise to apparent half-lives of plasma proteins longer than the true 
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metabolic half-lives and to L/P values by the extrapolation method 
which are too high. Since an increasing proportion of all labelled 
molecules in the body would become effective in a metabolic sense after 
the first few days, the 1'I-excretion rate should increase during the 
tracer experiment as indeed has been observed in rats receiving 
131]-albumin (CAMPBELL ef al., 1956b). However, the value of this 
observation is much reduced by the fact that the opposite was found 
to be true of rats receiving !I-y globulin. 


[V. Some PRracricaAL CONSIDERATIONS GOVERNING THE 

PREPARATION AND USE OF LABELLED PROTEINS 
In general, plasma proteins which have been labelled in the animal, 
or so-called biosynthetically-labelled proteins, are to be preferred to 
proteins labelled im vitro. However, the possibility of adversely 
affecting the properties of the former in the course of transference 
from donor to recipient must be kept in mind. Direct transference is 
seldom permissible because labelled plasma is usually harvested when 
the plasma proteins are maximally labelled, and at this time significant 
activity is associated with amino acids and other diffusible substances. 
These should be removed by dialysis against changes of carrier sub- 
stances as described by Dovey et al. (1954). Also when the objective 
is to study the separate behaviours of labelled proteins it may be 
necessary to fractionate the plasma or perhaps to freeze and dry it, and 
the extent to which popular procedures for doing these may affect 
turnover rates is not known. 

Following the experiment of MILLER ef al. (1949) with [e-@C] lysine, 
the use of specifically labelled amino acids to label donor animals has 
declined probably on grounds of expense, except perhaps in the case 
of [8S] cysteine or methionine. These have been used by KINsELt ef al. 
(1950) in humans, by MappEN and GovuLp (1952) in dogs, and by 
Nrkias and Maurer (1952) and by Lee and WILLIAMs (1952) in rats. 
Yeast grows well on a medium containing [*°S] sulphate, and the yeast 
protein may be fed to animals or hydrolysed as a preliminary to 
chromatographic separation of [*S] cysteine (cf. ARMSTRONG et al., 
1954b). A valuable source of [@C] amino acids is to be found in dried 
MC Chlorella or the protein extracted from it by Carcu (1954) with 
specific activities of 100 microcuries per milligramme. Since the alga 
is grown on CO, as sole source of carbon, it offers the important 
advantages that all carbon atoms are labelled and of course all the 
amino acids are in the biologically useful L forms. Pra (1954) has shown 
that it is particularly useful for labelling erythrocytes. In common 
with all biosynthetic labelling procedures the use of this protein is 
wasteful, since only a few per cent of the activity given is recoverable 
in the form of labelled plasma proteins. 
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IV. 1. Labelling with "I 

Apart from a few preliminary experiments by Gray and STERLING 
(1950) with isotopic chromate, the much more economical in vitro 
labelling of plasma proteins has been almost exclusively concerned 
with the use of iodine. The fact that this element combines so readily 
with plasma proteins has possibly not been altogether beneficial. 
The tendency for some years was simply to add isotopic iodine kept in 
solution with the help of iodide to neutral or alkaline protein solutions, 
the yellow iodine colour disappearing immediately and up to half the 
isotope becoming nondiffusible through cellophane. By all animal tests 
the isotope did not become separated again from the protein short of 
metabolic disintegration of the latter, and subsequently the label was 
not significantly reused or retained in the animal provided the thyroid 
had been blocked beforehand with iodide. 

A great deal of valuable work was done with this material by Grrr 
et al. (1951), by Francts et al. (1951), by TALMAGE et al. (1951), and by 
MELCHER and MAsovurepiIs (1951), STERLING (1951) and others. How- 
ever, following reports of variable results, investigators tended to use 


progressively less iodine to a given weight of protein. GABRIELLI, 
GOULIAN, KINERSLEY and CouLetr (1954) noted at least two fractions 
by zone paper electrophoresis of commercially available ''I-human 


serum albumin. Berrson ef al. (1953) showed that different batches of 
similar material gave different rates of urinary ‘I elimination, and 
evidence of a similar nature came from VAUGHAN ef al. (1955). Vo.- 
WILER et al. (1955), and also ARMSTRONG ef al. (1954), concluded that 
iodinated plasma proteins were more rapidly metabolized than their 
3S counterparts, and Masovurepis and Brreckmans (1935) found 
131]-labelled proteins to compare unfavourably with ‘C-labelled 
ones. 

CoHEN ef al. (1956) compared the behaviour of “C-labelled rabbit 
albumin and globulin in the same rabbit with albumin and globulin 
which had been iodinated to the extent of 1 atom iodine per molecule, 
using a mechanical arrangement to distribute the label evenly through- 
out the population of molecules. They found close agreement between 
the two (Fig. 9), while McFar.Lane (1956) found poor agreement when 
the proportion of iodine was increased to 6 atoms per molecule. Com- 
parisons were based on measurements of apparent replacement rates 
and of lymph/plasma distribution ratios using the extrapolation 
method of STERLING (1951). Although the precise significance of the 
latter ratio is not clear for reasons already given, it offers a more useful 
basis of comparison than replacement rates alone, since it is possible 
to iodinate a protein in such a way that a large proportion is promptly 
rejected by the recipient animal, but the part which survives is 
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metabolized at anormal rate. Prompt rejection of part of the *'I protein 
was revealed by an unusually high L/P ratio combined with a high rate 
of urinary }1J excretion in the first day or so. The reliability of an 
iodination procedure was also tested by McFARLANE (1956) by trans- 
fusing plasma from a recipient animal 2 or 3 days after the injection of 
labelled protein to a similar animal, and comparing L/P ratios in the 
two. Iodinated rat albumin and globulin also behaved in the same way 
as corresponding “C-labelled proteins (Fig. 8), the comparison in this 
case being made in similar groups of animals. 
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Fig. 9. Comparison of elimination of #4C- and 1!I-labelled rabbit proteins 
injected into the same rabbit (from CoHEN et al., 1956). 


As is now generally recognized, a satisfactory iodinated protein 
should show no difference in behaviour in the ultracentrifuge from 
the uniodinated protein, and it should contain less than 2 per cent of 
diffusible I activity. The use of an ion-exchange resin to remove 
iodide from the iodination mixture appears to be a safe and efficient 
procedure (STERLING, 1951; ANtcstTerN et al., 1954) although in the 
case of iodinated rabbit plasma some protein was retained by the resin 
(McFarLANk, 1955). Proteins which had been in contact with methanol 
in the cold, or human albumin which had been heated at 55°C, did not 
iodinate satisfactorily, suggesting that any strain on the molecule 
additional to that arising from accommodating the relatively large 
iodine atom in the tyrosine ring is likely to lead to preferential treatment 
by recipient animals. 


IV. 2. Growth and sample corrections 

It is highly desirable in studying the behaviour of labelled plasma 

proteins in normal animals that these should be in protein equilibrium 
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over the often lengthy periods of tracer observations. This is seldom 
achieved in practice, since most laboratory animals are growing and 
plasma proteins are often being removed in the form of blood samples. 
If only to make results comparable with those of others measured, 
values should be corrected to give values which would have been 
obtained if the measurements had been made on animals in nutritional 
equilibrium. For example, a 250-g rat increases its body weight and 
correspondingly its lymph and plasma proteins by about | per cent per 
day. The new protein is usually poorly labelled or unlabelled, and 
hence it lowers the specific activity of lymph and plasma proteins 
almost proportionately. Thus the measured apparent replacement 
rate of rat y globulin, which is 9-5 per cent per day (Fig. 7), would have 
been 8-5 per cent per day if it had been measured in the absence of 
growth. 

A plasma sample of 0-22 ml taken from such a rat represents approxi- 
mately 1 per cent of the lymph and plasma protein pools. If plasma 
samples are taken daily this correction also will amount to 1 per cent 
per day to be subtracted from the measured replacement rate. In very 
young animals or in older animals recovering from plasma depletion 
the corrections will be even larger. Also, for reasons already given, if 
new lymph and plasma proteins are discharged first into the vascular 
pool, the corrections which must be applied to specific activities 
measured in the vascular compartment may require to be substantially 
increased and in an unpredictable way. In general therefore it is 
desirable to reduce corrections as far as possible by minimizing blood 
sampling and by using adult animals. Where blood sampling has been 
carried out at irregular intervals, or where different volumes of blood 
have been removed, the effect of failure to apply the proper corrections 
may be to obscure the exponential nature of specific activity curves. 
Examples of this are to be found in papers by Dovey et al. (1954) and 
by VOLWILER et al. (1955). 


V. Meraspotic BEHAVIOUR OF TRANSFUSED 
LABELLED PROTEINS 
Possibly the most important prerequisite for an understanding of the 
behaviour of labelled protein molecules is an assurance that there has 
been no dissociation of the label in lymph or plasma. The demonstra- 
tion by HEIDELBERGER ef al, (1942) that pneumococcus antibody 
passively transfused to rabbits receiving [1°N] glycine in the diet did not 
take up the isotope, makes quite clear the fact that this amino acid at 
least does not exchange with the same amino acid in fully formed 
antibody globulin. A similar result was obtained by Gros ef al. (1952) 
using labelled valine. HumpHREY and McFarLane (1954a) transfused 
pneumococcus type III antibody biosynthetically labelled with MC 
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in all carbons to rabbits along with similarly labelled normal y globulin 
and followed antibody concentrations and globulin specific activities 
in the plasma for three weeks (Fig. 10). These declined at almost the 
same rate—12-5 per cent per day—and at the end of this time when 
only a few per cent of the transfused antibody had survived in the 
circulation some of it was isolated by specific precipitation and found 
to have precisely the same specific activity as the injected material. 
This shows that antibody globulin and possibly all plasma protein 
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Fig. 10. Behaviour of rabbit C-labelled pneumococcus antibody and normal 
» globulin transfused to normal rabbit (HumMpHREY and McFARLANE, 1954a). 


molecules can circulate in lymph and plasma for a period of three weeks 
without significantly exchanging any of their constituent amino acids. 

It is unfortunate that the essential slowness of lymph/plasma 
equilibration as it effects injected labelled molecules was not at first 
fully realized, and experiments were frequently not carried on long 
enough for truly exponential portions of specific-activity curves to 
become fully evident. Thus in the first important instance of the use 
of labelled proteins in this way—by Miner ef al. (1949) in dogs— 
measurements terminated at 6 days, whereas apparent equilibrium 
in humans, rabbits and rats is not established until about this time. 
For this reason there is scarcely enough information available to make 
it profitable to discuss relative replacement rates for different proteins 
in different species as one would like to do. In addition, practically 
nothing is known of the effects, if any, of diet, age, sex and exercise on 

140 





METABOLIC BEHAVIOUR OF TRANSFUSED PROTEINS 


replacement rates, although StreryBock and Tarver (1954) have 
shown that rates are greatly affected by the level of protein in the diet 
of rats. 

The most that can be said with any assurance is that broadly speaking 
the smaller the animal the more rapidly it breaks down and replaces its 
lymph and plasma proteins. Half-lives as short as 1 to 2 days have been 
obtained by MELCHER ¢/ al. (1953) in mice, while the half-life of albumin 
and globulin in humans lies between 8 and 25 days (KINSELL et al., 
1950; Lonpon, 1950; STERLING, 1951; Myant, 1952; EISENMENGER 
and SLATER, 1953; HAVENS ef al., 1953; ARMSTRONG ef al., 1954a; 
BAUMAN et al., 1955; VAUGHAN et al., 1955). 

Fibrinogen appears to be turned over faster than other plasma 
proteins (MADDEN and GouLD, 1952; Dovey et al., 1954; ARMSTRONG 
et al., 1955; CoHEN ef al., 1956). As a rule the rate for albumin is 
slower than for y globulin. However, CAMPBELL ef al. (1956b) found in 
the rat (Fig. 7) that albumin at 20 per cent per day was replaced more 
than twice as fast as y globulin, the rate for fibrinogen being no less 
than 60 per cent per day. Very little is known about the rates for « 
and f globulins, although Lonpon (1950) is of opinion that they are 
replaced in humans faster than albumin or y globulin. The curve in 
Fig. 7 suggested a value for / globulin in the rat which was intermediate 
between those of albumin and y globulin, but the rapid excretion of 
label in the urine indicated that the $ globulin used in this experiment 
was far from homogeneous either before or following the iodination. 
From measurements made after 4 to 6 hr using [/C] lysine, MmLEerR 
and Bae (1954) concluded that « globulin is turned over faster in the 
rat than any other plasma protein. However this is based on finding 
a high total 4C activity in this fraction, and it is hardly permissible to 
attribute it all to protein. Various substances in plasma other than 
proteins become highly labelled at this time, and some of them may 
migrate with « globulin. For example Boas (1955) showed that rat 
« globulin contains 4-4 per cent glucosamine. 

The behaviour of “C- and ™!I-labelled proteins in rats may be 
contrasted with their behaviour in rabbits (Figs. 8 and 9), and with the 
behaviour of serologically labelled globulin in the same animal (Fig. 10). 
The serological label has much to recommend it. HUMPHREY and 
McFar.LaNE (1954a) noted a slightly faster apparent elimination of 
antibody globulin than of “C-labelled normal y globulin, and concluded 
that this was due to some reutilization of the isotopic label. They also 
observed that lymph/plasma equilibration of antibody was usually 
complete at 25 hr, suggesting that the slower equilibrations observed 
with labelled autogenous y globulin may be due to extravascular 
synthesis of a portion of normal rabbit globulin combined with slow 
transference of the new protein to the plasma via the lymphatic 


141 





PLASMA PROTEINS IN NUTRITIONAL PROBLEMS 


system. In view of complications which may conceivably arise in 
turnover studies if synthesis and breakdown of protein occur in different 
compartments, it is clearly an important advantage of the serological 
label that the results obtained with it are independent of synthesis. 
On the other hand, to infer turnover rates of autogenous globulin from 
the elimination rate of antibody requires an assurance that the latter 
cannot be distinguished by other than serological means from the 
non-immune globulin, and furthermore that recipient animals are 
reliably free of antigen to the particular antibody used. 

Dovey et al. (1954) discuss the remarkable fact that albumin, 
globulin and pneumococcus antibody were all turned over or eliminated 
at approximately the same exponential rates in rabbits. This was true 
whether antibody was present initially at a plasma level of 35 mg/ml 
or at only one-tenth this level, and the authors suggested therefore that, 
if an exception can be made in the case of fibrinogen, the elimination 
of plasma proteins may take place by phagocytic mass removal of 
whole plasma or lymph. The view would still be tenable even if there 
were small differences in apparent plasma-elimination rates in view of 
redistribution effects which are inherent in them and which have 
already been discussed. However, the information derived subsequently 
from rats appears to challenge the proposal seriously. It is hardly 
possible to visualize a lymph/plasma redistribution effect on rat 
globulin of such magnitude that the true elimination rate of this pro 
tein at the site of elimination could be the same as that of albumin in 
the same animal. The evidence in this case suggests on the contrary 
that albumin, globulin and fibrinogen are eliminated by independent 
metabolic processes. 


VI. THe [soLtarep PERFUSED LIVER 
A notable contribution to the whole field of plasma protein physiology 
was made by MILLER and his associates using the freshly isolated 
perfused rat liver. Miuier ef al. (1951) continuously circulated 
oxygenated blood through the organ for 9 hr or more in a constant- 
temperature chamber, during which time bile was secreted at satisfac- 
tory rates, CO, and urea were produced, glycogen was stored, and 
plasma proteins formed. Six hours after introducing DL-{M@C] lysine 
into the circulating plasma, some 20 per cent of the activity had 
appeared as CO,, clottable labelled fibrinogen was present, and up to 
10 per cent of the activity was associated with plasma proteins depend- 
ing on the level of amino acids in the plasma. Utilization of L-lysine 
for these purposes was apparently almost complete whereas the 
unnatural D form was totally unused. Production of labelled plasma 
proteins gradually declined and practically ceased at 4 hr, but resumed 
at once at the former rate when fresh amino acids were introduced. 
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The authors conclude “The final flat or declining phase of the “C- 
incorporation into plasma proteins is not a result of weakening, 
exhaustion, or failure of the surviving livers, but is primarily related to 
the decrease and disappearance of essential substrates.’ 

According to Fig. 11 the amount of labelled plasma and liver proteins 
produced after 6 hr is almost proportionately related to the weight of 
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total amino acids given in the form of a balanced supplement up to 
approximately 330 mg. The weight of plasma protein synthesized with 
the help of this supplement (ca. 20 mg by a liver containing 2 g protein) 
is claimed by MILLER ef al. (1954) to be sensibly the same as that 
synthesized in the same time in the intact rat. The amount synthesized 
by the perfused organ when 1:74 mg DL-{C] lysine was given without 
any supplement was apparently less by a factor of 50 despite the fact 
that 100 ml fresh rat plasma was used containing presumably about 
50mg amino acids. This plasma came from rats which had been 
fasted for 18 hr, and the authors imply that its amino acids were not 
adequate either in quantity or quality to support plasma-protein 
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formation at the normal rate. They also calculate, on the basis of 
20 mg plasma protein produced in 6 hr from 327 mg amino acids, 
that the intact liver of a 300-g rat is fully able to convert all dietary 
amino acids from a 20 per cent protein diet continuously into plasma 
proteins. They point out that it is also favourably placed to do so by 
virtue of its situation on the portal vein. 

Before accepting these conclusions, which have far-reaching implica- 
tions, it is necessary to examine more closely the form of calculation 
by which radioactivities were converted into weights of plasma or 
liver proteins. The authors say “Thus, in a typical experiment, if 
20 mg of L-lysine were present in the amino-acid mixture added, and 
had an arbitrary activity of 250 units, and if 2-0 ¢ liver protein were 
found to contain 4:0 units of radioactivity per gramme, then 
2(4/250) x 20 « 100/7 = 9-2 mg of liver protein made by the entire 
liver (2g on ‘dry’ protein basis).’’ The lysine content of plasma and 
liver protein is taken to be 7 per cent. 

In effect this form of calculation assumes that plasma proteins are 
made directly from plasma amino acids which have constant specific 
activity and this is certainly not true. The specific activity curve 
of plasma-free amino acids is in fact falling (as the authors show, 
to about 15 per cent of the initial value in 6 hr after giving L-[“C] 
lysine), and the mean value effective in plasma-protein synthesis 
over a period of 6 hr must be substantially less than the initial value. 
In addition, intracellular amino acids which are immediate precursors 
of plasma proteins almost certainly have a still lower mean value. 
This arises from the fact that part of the protein of the initially 
unlabelled liver is metabolically mobile, and both contributes and 
receives amino acids from the intracellular pool. ‘Twenty-five per cent 
(or 500 mg dry protein) is probably not an overestimate for this 
category of protein in the liver of a 300-g rat. Thus, we may visualize 


the grossly simplified perfusion system to consist, as in Fig. 12, of a 
centrally placed intracellular amino-acid compartment containing 
some 50 mg amino acids from which amino acids are continuously 
withdrawn to form new plasma proteins. This communicates reversibly 
with a plasma-free amino acid compartment containing a similar 
amount of amino acids plus any supplement, and with a second com- 
partment containing amino acids equivalent to 500 mg mobile liver 


protein. 

Evidence for a general arrangement of this kind was indeed obtained 
by Minuer ef al. (1955) when they perfused the liver from a [C] 
lysine-labelled rat without supplementary amino acids, and found 
6-3 per cent of the initial liver activity in plasma proteins after 6 hr. 
Applying the same kind of calculation to this result as was applied by 
Mitter, Burke and Harr to the results of their perfusion using 
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labelled amino acids, the mass of plasma protein produced in 6 hr is 
estimated at 33 mg (6-3 per cent of 500mg). It might have been 
greater, depending on the proportion of exchangeable protein in the 
liver, but could not have been more than 130 mg or 6-3 per cent of all 
the lysine in protein and in amino acids in the whole system. When 
an unlabelled liver was perfused with a tracer dose of labelled amino 
acids, only 0-3-0-5 per cent of the activity, equivalent to less than a 
milligramme of plasma protein, appeared in plasma proteins in 6 hr. 
Thus we have two entirely different estimates for plasma protein pro 
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Fig. 12. Diagrammatic representation of amino-acid equilibrium system 
in perfused rat liver. 


duced by the same system and derived by essentially the same method 
of calculation. It is evident that each half of a dynamic system of this 
kind cannot be considered without reference to the other. 

To convert activities to milligrammes protein requires information 
about the specific activity of the ammediate precursor amino acids, and 
this at any time is a complicated function of specific activities of amino 
acids which are free in the plasma and those which are protein-bound 
in liver cells. If exchange rates between compartments in Fig. 12 are 
rapid, as there is every reason to believe them to be, the lateral pools 
may be expected to affect amino-acid specific activities in the central 
one in proportion to the mass of amino acids which they contain. 
This is another way of saying that equilibrium is quickly attained, and 
subsequently specific activities are the same in all compartments. 
On this basis the writer is of opinion that Fig. 11 does not necessarily 
therefore indicate that the liver was making plasma proteins in pro- 
portion to the weight of amino acids in the supplement, but possibly 
only that the effective specific activity of precursor lysine was increasing 
in parallel with the amount of lysine in the plasma. 
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The remarkable finding (Fig. 11) that total activities in liver and 
plasma protein after 6 hr were roughly equal whatever the amount of 
amino-acid supplement used is difficult to explain. When no supple- 
ment was used one would expect to find that most of the labelled 
amino acid had been transferred in a few hours from the plasma to the 
liver by an exchange process without reduction in the plasma amino- 
acid concentration. A constant or slightly increasing concentration of 
free amino acids in the plasma was actually observed. When supple- 
mentary amino acids were used, on the other hand, the system was 
unbalanced in a physiological sense and the concentration of amino 
acids in the plasma fell steadily, less than 20 per cent of the amino acids 
which disappeared from the plasma in 2 to 3 hours being converted to 
plasma proteins. 

The value of 20 mg plasma proteins synthesized in 4 to 6 hr by a 
300-g rat, or 100 mg per day, obtained by MILLER et al. (1954) may be 
compared with that of Nrk~as and Maurer (1952). These authors 
using [*°S] methionine obtained by hydrolysis of *°S-labelled protein of 
Torula utilis, found that the liver of the intact rat produced plasma 
proteins equivalent to one-seventh of its protein weight per day. This 
would amount to 250 to 300 mg per day in a 300-g rat. ABpovu and 
TARVER (1952) found rather more rapid replacement after giving 
4C-labelled rat total plasma proteins to 210-g rats. CAMPBELL ef al. 
(1956b) found apparent replacement of '!I-labelled rat albumin and 


y-globulin (Fig. 7) to take place at 21 per cent and 8-5 per cent per day 
respectively. Using 15 per cent per day as a rough estimate for the 
mean replacement rate of total proteins (amounting to 1-25 g excluding 
y globulin) in lymph and plasma of a 300-g rat, then about 200 mg new 
protein was synthesized by the liver per day. It can hardly have 
been less since albumin production alone was almost equal to this 


value. 

In view of differences which may yet be revealed in the behaviour 
of normal animals in different circumstances, it is probably unjustifi- 
able to rely on a particular value at this stage, but it would appear that 
the liver of the normal 300-g rat cannot be making less than 150 mg 
plasma protein per day, and may be making up to twice this amount. 
Therefore the perfused “C-labelled liver in MiLtterR, BuRKE and 
Hart’s experiment which we have calculated to be producing 33 mg 
in 4 to 6 hr without the help of supplementary amino acids may have 
been functioning quite as efficiently as in the intact rat, although the 
authors themselves regarded it as giving a poor performance. 

Mitier, Burke and Harr also perfused an unlabelled rat liver with 
4C-labelled plasma proteins without supplementary amino acids; 
4-5 per cent of the activity disappeared from the plasma in 9 hr, 2-7 per 
cent into the liver and 1-5 per cent into expired CO,. This would 
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appear to show that the liver must be an important organ for catabolism 
as well as synthesis of plasma proteins, since 4-5 per cent of the total 
plasma protein in the system (4 g) is equal to 180 mg in 9 hr or 480 mg 
per day. Therefore this liver was capable of hydrolysing at least as 
much plasma protein as is regularly made by the rat. 

The amount of plasma protein catabolized to CO, in this experiment 
was equivalent to 26 mg urea nitrogen per day. In the experiment 
already referred to in which a labelled liver was used on the other hand, 
liver protein broken down to CO, was equivalent to 42 mg urea nitrogen 
per day. The two together are approximately equal to the total urea 
nitrogen excreted daily by an equivalent intact rat. It will be noticed 
that approximately one-third of liver and plasma protein regularly 
broken down and replaced by the rat on a protein-free diet is deaminated 
in each case. 

When a 300mg amino-acid supplement was used in the typical 
perfusion experiment total urea nitrogen production was slightly more 
than doubled, the additional urea nitrogen being not quite equivalent 
to amino-acid nitrogen which was observed to disappear from the 
plasma. MiLterR, Burke and Harr conclude that a small positive 
nitrogen balance was achieved, and proceed to consider the sparing 
effect of added carbohydrate on this balance. However, the argument 
rests on the assumption that the weights of liver and plasma proteins 
deaminated in the presence of the supplement were the same as the 
weights deaminated in experiments with C-labelled liver and plasma 
proteins when no amino-acid supplement was given. The assumption 
is based on the concept of an endogenous metabolism proceeding at a 
basal rate which is unaffected by the arrival of amino acids in plenty, 
and there is no sound evidence for this. On the contrary all the evidence 
is in favour of a dynamic interlocking of biochemical processes so that 
the outcome of any change in conditions can only be predicted by 
reference to its effects on the system as a whole. 


VI. 1. Sites of plasma-protein synthesis 

The experiments described, using the perfused rat liver, confirmed the 
already widely held view that this organ is the major source of albumin 
in the animal body. That it is the only source was demonstrated by 
Miter, Biy and Bae (1954) when they adapted their perfusion 
apparatus for experiments with the caudal half of the rat carcass. 
Their preparations comprised muscle, skeleton, and skin below the 
midlumber region in all cases and in a number the kidneys, pelvic 
viscera, gastro-intestinal tract, spleen, and pancreas, supported by the 
diaphragm and clamped abdominal wall. Half an hour was required 
between incising the rat and setting up the preparation with a warm 
oxygenated whole-blood supply, and the carcass was without a blood 
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supply for not longer than 8 min. Viability as judged by blood flow, 
oxygen and glucose consumption, CO, production, and uptake of 
labelled amino acids, was maintained for a maximum period of 4 to 
5 hr during which time urine flowed satisfactorily. 

As in the case of the perfused liver, D[C] lysine was not significantly 
used by the carcass. With L{™C] lysine no activity appeared in 
albumin or fibrinogen irrespective of whether the gastrointestinal 
tract, pancreas, spleen or kidneys were included in the preparation. 
However, protein-bound activity was present in the plasma after 6 hr, 
all of it in the globulin fraction obtained by precipitation with sodium 
sulphate. By zone electrophoresis of the plasma it was shown that 
nearly all this activity was present in y globulin, the remaining traces 
being confined to « and / globulins. 

This result led to re-examination of an earlier conclusion by MILLER 
et al. (1951) that the liver produces 80 per cent of all globulin in the rat. 
This was based on the radioactivity found in globulin precipitated 
with sodium sulphate from perfused liver blood after 6 hr, a material 
which must have been a mixture of all three globulins, and may even 
have contained some albumin since it represented more than half the 
total weight of protein in the plasma. MILLER and BALE (1954) 
repeated the earlier work using zone electrophoresis, and showed that 
y globulin was totally inactive. This important finding is compatible 
with the high plasma globulin levels often found in liver disease, and 
with the observation by Barry and WarrRack (1955) that the liver 
seldom if ever produced antibodies. JAacosson ef al. (1950) also 
observed that massive doses of whole-body radiation (L.D.,;, to L.D.,99) 
given to rats and rabbits destroyed the ability to produce antibodies 
or normal y globulin. This was confirmed by MILLER and BALE (1954), 
who also showed that similar doses given to the perfused rat liver did 
not depress the production of labelled plasma proteins. All the evidence 
therefore points to an extrahepatic origin for y globulin, most probable 
sites being bone marrow and spleen (ASKoNAS and HUMPHREY, 1955). 
2 and # globulins on the other hand appear to be mainly produced in 
the liver. 

MavReER and MULLER (1955) revive a proposal which has appeared 
many times in the literature (ef. WUHRMANN and WUNDERLY, 1953) 
to explain apparently compensatory changes in plasma levels of 
albumin and globulin suggesting that these proteins are to some 
extent mutually interconvertible. They claim that albumin is a 
precursor of «, 6 and y globulins in normal rats, and suggest that this 
may arise from breakdown of albumin and preferential reuse of its 
amino acids in globulin-producing cells. Highly **S-labelled rat plasma 
was subjected to electrophoresis in a vertical column packed with 
cellulose. After 20 hr, about half the albumin had escaped into the 
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buffer above and was shown by paper-strip electrophoresis to be free 
of globulins. This was then injected into rats and, after 4 days, 10 per 
cent of the protein-bound radioactivity in the recipient’s plasma was 
found to be distributed in «, § and y globulins, the proportion increasing 
to half at 20 days. Maurer and MULLER’s calculations showed that 
a much lower specific radioactivity of globulins would have resulted 
if all the label had come from free-plasma amino acids. 

The writer and his colleagues in the course of studies with MC- 
labelled albumin and y globulin separately in rabbits have always 
failed to observe any evidence of this kind of direct labelling of one 
protein by breakdown of the other. Several explanations of the discre- 
pancy are possible. It may for example be emphasized that the detec- 
tion of small amounts of globulins in the presence of albumin—amounts 


much less than are normally present in serum—is not easy by paper 
electrophoresis since up to 10 per cent of albumin is known to trail 
behind the main boundary. Maurer and MULLER’s radioactivity 
record obtained from the electrophoresis paper strip of a test on the 
material they injected showed no sign of the albumin tail, and contrasts 


with a similar record from rat albumin obtained by CAMPBELL ef al. 
(1956b). Also because of the short half-life of rat albumin and the 
much longer half-life of rat globulin a proportion of only 3 to 4 per cent 
total globulins in the recipient’s plasma on the first day will become 
one of 10 per cent at 4 days for metabolic reasons alone. We may note 
also that no steps were taken by Maurer and MULLER to remove 
adsorbed labelled amino acids from the injected albumin—for example, 
by dialysis against unlabelled methionine and cystine. 


VIl. Is THERE A MosiLe INTRACELLULAR POOL OF 
PLASMA PROTEINS ? 

Much evidence for the existence of such a pool has already been 
discussed. The case rests mainly on the following kind of experiment. 
As a result of fasting for 3 days a dog has its daily total urinary nitrogen 
output reduced from 7 g to 4 g (cf. Dart ef al., 1938). It is then given 
4 to 5g nitrogen per day in the form of plasma protein administered 
intravenously along with a diet of adequate calorific value in the form 
of fat and carbohydrate (Cowgill diet). Urinary nitrogen excretion 
scarcely changes for the first 3 days, indicating complete retention of 
injected nitrogen, and subsequently it slowly increases. At the end of 
10 days nitrogen excretion is still not quite equal to the sum of fasting 
plus daily injected nitrogen. Injections are discontinued at this point 
and fasting resumed when all the retained injected nitrogen is excreted 
over a period of days. The time lag associated with these changes is 
important. 

When essentially the same experiments were carried out by MarTIN 
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and Rosison (1922) on man but with oral instead of parenteral admini- 
stration of protein, the same changes were apparent but with no 
preliminary period of total retention. Instead, abrupt changes of 
dietary nitrogen level were associated with immediate changes in the 
urinary level which settled down again to a constant value after 3 to 
4 days. The obvious deduction from their experiments is that a protein 
store in the body has to adjust its reserves to changes in dietary 
nitrogen and requires 3 or 4 days to do so. The further deduction 
which has been widely made from experiments with transfused protein 
on the other hand is that during the period of sensibly complete nitrogen 
retention a similar reserve store is being increased by addition of whole 
plasma protein without preliminary breakdown to amino acids. 

Some of the retained protein is obviously present in the circulating 
plasma. For example, in the typical dog experiment referred to, the 
plasma protein level slowly increased over the 10 days of injections 
from 7 g to 8-5 g /100 ml, which is however not sufficient to account 
for all the protein retained. The unwarranted implication is made in 
some earlier papers that all the remainder has passed into cells, its 
apparent disappearance being associated with parallel retention of 
phosphorus and potassium, these two elements with protein being 
regarded by ALBRIGHT ef al. (1950) as essential constituents of proto- 
plasm. By giving protein labelled with [“C] lysine by vein, YUILE (1951) 
showed that nitrogen retention in this case was equivalent to protein 
retention, i.e. there was no deamination of the injected protein. The 
implication therefore is that the missing protein has in some way 
become associated with potassium and phosphorus to form cytoplasmic 
protein. 

Clearly it should first be shown that the missing protein is not 
present in the extravascular space. This has seldom been done because 
adequate methods of measurement have not been available, but with 
the advent of satisfactory isotopic ones the situation must change. 
Since plasma and lymph volumes expand and contract with changes in 
plasma protein concentration (cf. ALLISON, 1950; EckHARDT and 
Davipson, 1950), and it is possible that lymph changes are dispro 
portionately larger than plasma ones, such measurements will need to 
be made directly on animals or subjects under nutritional investigation 
and not inferred from similar measurements on animals in equilibrium. 

Important observations were made on humans receiving daily 
transfusions of albumin by several clinical groups and especially by 
MEYER et al. (1947) and by Eckuarpt et al. (1948). The latter could 
account for up to 46 per cent of retained albumin in the increased 
plasma pool 16 days after starting daily injections of 40-g albumin, and 
clearly the remainder could have been accommodated in the extra- 
vascular space. When injections were stopped the excess protein in 
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the plasma disappeared by an approximately exponential process with 
a half-life of 5 to 6 days, while Frnx ef al. (1944) observed a similar 
process in dogs also with a half-life of 5 days. EckHarpr et al. (1948) 
draw attention to the fact that, if the elimination process continues to 
operate at the same exponential rate while lymph and plasma pools are 
expanding, then the mass of plasma protein broken down per day may 
be expected to increase until it is equal to the mass of protein injected 
per day. This would be in keeping with observed gradual increases in 
urinary nitrogen and plasma protein concentration and their asymptotic 
approach to constant values. 


VIL. Fate or [NJectED LABELLED PLASMA PROTEINS 
[f a reservoir of fully-formed plasma proteins exists inside certain cells 
it should be possible to demonstrate its existence by following protein 
radioactivities of organs and tissues for some days after injecting 
labelled plasma proteins into the blood stream. With this in mind 
YUILE et al. (1951) injected [@C] lysine labelled total serum protein 
into three dogs with results which are shown in Table 1. One dog was 


(From YurLe, LAMson, MILLER, and Wurpp.te, 1951) 


Total C™ Recovery after Intravenous Injection of Labelled Plasma Protein 


> 


Expe rument | Expe raiment 2 Eaupe riment 3 


sibels Dog 48-106 Dog 50-37 Dog 49-131 
Source of ( 49 hr 7 da V8 


Per cent administer 


52:7 61-65 
16-00 16-70 
5-60 7-90 
6-73 £-92 
2-50 1-31 
4-00 1-33 


Tissues 

Plasma and perfusate 
Plasma removed in sampling 
Expired CO, 

Urine 

Red blood cells 


Total recovery 96-81 


* Brain, bone marrow, skeleton, integument, colon, lymphoid, and aerolar tissues 


not sampled. 
+ C™ activity in 1 ml packed red blood cells insignificant. 


viviperfused after two days and the other two after seven days with 

recovery of 80 to 90 per cent of estimated circulating plasma proteins. 

Assuming an L/P ratio of 1, and deducting total lymph activities from 

the total measured tissue activities shown in the table, the authors 
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estimate that 33 per cent and 41 per cent of injected “C-protein was 
present in intracellular form in the tissues in experiments two and 
three respectively after seven days. Similar approximate values were 
obtained from plasma specific-activity curves which showed that 46 
per cent of proteins in lymph and plasma were eliminated over the 
period of 7 days. During this time 12 per cent could be accounted for 
in red cells, CO,, and urine, and in blood samples leaving 34 per cent 
for “conversion into protoplasm.”’ Because such a small proportion 
of the dose was excreted whereas the urine contained its normal 
complement of nitrogen, the authors concluded that tissue protein was 
being metabolized and injected labelled protein was being stored 
without breakdown. 

HumpHrREY and McFarLaneE (1954b) tried to take this type of 
investigation a stage further by injecting “C-labelled normal and 
immune globulins into a rabbit 8 days before death, and Evans Blue 
12 hr before death to act as an indicator of lymph. Their general aim 
was to estimate lymph protein in organs more directly than did Yume 
(1951) and in addition by means of specific antigen-antibody precipita- 
tion to discriminate between C-labelled tissue proteins and similarly 
labelled globulins which had penetrated into cells. 

The broad distribution of total radioactivity found by them 8 days 
after injecting [“@C] phenylalanine-labelled globulins in the rabbit 
agreed remarkably closely with that obtained by YUILE ef al. in dogs 7 
days after injecting [“C] lysine-labelled total serum proteins, suggesting 
that the fate of antibody globulin and total serum proteins is essentially 
the same. “C activity per gramme tissue carbon was highest in liver 
and adrenals, about two-thirds of this maximum value in the other 
viscera and lowest (one-third) in skin and muscle. Except in the case 
of skin which had a high lymph content, values measured with Evans 
Blue for proteins in lymph of organs proved to be not very different 
from the allowances used by YuILe ef al. and later confirmed with 
several labels for muscle by GirLin and JANEWaAy (1954). By assuming 
that the ratio of Evans Blue concentration to total radioactivity or 
antibody concentration in lymph is the same as in the plasma at the 
same time it was possible to estimate amounts of radioactivity or 
precipitable antibody in tissue lymph and to subtract them from total 
values for the tissue. In general the amounts of radioactivity sub- 
tracted represented only a few per cent of total radioactivities except 
in the case of lymph glands (15 per cent) and of skin (nearly 30 per 
cent). 

Without exception antibody present in tissue homogenates was fully 
accounted for as lymph protein, indicating that practically no antibody 
had penetrated into cells and remained intact. If this is true of other 
plasma proteins as well as immune globulins, it is probable that retained 
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injected proteins which have disappeared from lymph and plasma have 
been rapidly broken down, and their amino acids almost quantitatively 
reused to form tissue proteins. This breakdown could be imagined 
to take place to some extent in all cells and in such a way that the 


liberated amino acids were not allowed to mix with plasma amino acids. 
but there are singularly few arguments in favour of such a process and 
many can be cited against it. It seems altogether more probable that 
breakdown of plasma proteins, like their synthesis, is a function 


16 
1S- | 
14 


13 
12 


Counts/min/mg total carbon 








nN Wb YAN @B O 














fe) 


~ 


Adrena 
giand 


3 


Fig. 13. Specific activities of nonantibody tissue protein carbon (open 

columns) in various perfused organs 8 days after transfusing 14-C antibod 

Solid columns, specific activities after allowing for trapped lymph protein. 

lhe dotted line shows the specific activity of carbon in the plasma-free amino 
acid fraction at death (from Humpurey and McFarLaner, 1954b). 


limited to certain cells, and that the amino acids liberated do in fact 
mix with those of the plasma pool. As previous considerations have 
shown, once they enter the plasma they may be expected virtually to 
disappear again in a short time because of the rapid turnover of amino 
acids there and the relatively enormous capacity of the tissue-protein 
pool. 

An important consequence of this view is that tissue protein specific 
radioactivities which are a measure of the potential or intensity of the 
label cannot be higher than that of the plasma amino acids at the same 
time, whereas of course they could be much higher if they included 
even a small proportion of injected labelled protein. HUMPHREY and 
McFaARLANE therefore dialysed the rabbit plasma after death, adsorbed 
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the amino acids of the diffusate on Zeokarb, washed, eluted, and 
measured the specific activity of amino-acid carbon. The result 
(dotted line in Fig. 13) was equivocal in the case of intestine, kidney, 
bone-marrow and spleen, but showed clearly that the major proportion 
of body activity which is protein-bound in muscle and skin could all 
have come from secondary labelling by plasma amino acids. However, 
some part of the much smaller activities in liver, adrenals and lungs 
must have come directly from injected labelled protein, suggesting that 
these organs may have a special function in relation to plasma-protein 
breakdown. For example, ingested plasma protein awaiting digestion 
by phagocytic cells would explain the result. 

The use of a single labelled amino acid such as |C] phenylalanine in 
this kind of work has certain disadvantages, especially as we have seen 
in relation to measurements of free amino acid specific activities. It 
may be mentioned here that HUMPHREY and McFARLANE have repeated 
their investigation in all aspects using “C totally labelled plasma 
proteins and at the same time replacing Evans Blue as a lymph marker 
with }]-labelled total plasma proteins injected 20 hr before death. 
The distribution of specific radioactivity in the tissues at 6 days was 
substantially the same as in Fig. 13 except that the skin value was 
relatively twice as great. This is attributed to the fact that skin pro- 
teins contain very little phenylalanine. The plasma-free amino-acid 
specific activity had also practically the same relationship to specific 
activities of total carbon in the tissues. Lymph relative activities were 
unchanged, and once again precipitable antibody in tissue homogenates 
could all be accounted for as lymph protein. Tissue protein homo- 
genates in this experiment were crudely separated with saline into 
soluble and insoluble fractions, the latter containing mainly structural 
protein. This always had a lower specific activity than the soluble 
protein. The largest factor of difference between the two (3 times) 
was found in liver in which the soluble protein carbon had a specific 
activity twice that of total carbon and more than twice that of plasma- 
free amino acids. 

Therefore whereas the results exclude the presence of any large 
proportion of injected labelled plasma proteins inside cells, it is evident 
in the case of a few organs and especially of liver that some labelled 
protein is present intracellularly which could not have come from 
plasma amino acids. A liver cell which is producing albumin and also 
breaking down labelled plasma proteins clearly presents a favourable 
site for local transfer of the label to occur, but nevertheless this 
does not seem very probable. Alternatively, digestion may be a 
relatively slow stepwise process, and fragments of protein molecules 
may be present in the cell which have lost some of their distinctive 
characteristics including antigenicity but are still nondiffusible and 
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precipitable with trichloroacetic acid. These of course need only be 
present in a few phagocytic cells in order to raise the mean specific 
activity of tissue carbon above the level in plasma amino acids. 


VIIL. 1. How is the plasma-protein level maintained ? 

There is a widespread tendency to assume that withdrawal of plasma 
protein is made good by two processes separately or in combination. 
The rate of synthesis is increased and/or the rate of breakdown is 
diminished, and Tarver (1954) presents in tabular form a scheme for 
recognizing from measurements of plasma-protein specific activities 
which of the two processes is operative. Little attention has been 
given to a third and, in the writer’s view, more likely possibility which 
is implied in observations referred to by EckHarprt ef al. (1948) and 
which may be formulated as follows. 

HuMPHREY and McFarLaNe (1954a) showed that the exponential 
elimination rate of pneumococcus antibody globulin in the rabbit is 
independent of antibody concentration in the plasma over a wide 
range. Thus for an antibody level of 35 mg/ml, equivalent to 7-0-g 
antibody in lymph and plasma and an elimination rate of 12-5 per cent 
per day, 875 mg of antibody were broken down daily. In another 
animal with one-tenth this level and the same rate only 87-5 mg were 
broken down daily. The same considerations may well hold for other 
plasma proteins, but have never been shown to apply to synthetic 
processes. If we may assume on the contrary that rate of synthesis is 


independent of plasma-protein level, then the equilibrium level of a 
protein in the plasma could be determined by opposing factors of con- 
stant production on the one hand and variable breakdown determined 


by pool size on the other. 

This self-stabilizing principle is in qualitative agreement with 
experimental results, but quantitative proof that it in fact determines 
plasma protein levels depends on the availability of information on 
extravascular pool sizes. Following addition or withdrawal of protein 
from the plasma pool, a protein-concentration difference exists between 
lymph and plasma. Subsequently this difference narrows and finally 
disappears by virtue of two simultaneous processes, viz. (a) transfer of 
protein between compartments, and () positive or negative balance of 
absolute production over breakdown occurring as already discussed 
mainly if not exclusively in proximity to the plasma. A comprehensive 
solution has not yet been described for the problems presented here, 
but one such should be possible. For a satisfactory explanation on this 
basis of the rapid rates at which normal plasma protein levels are known 
to be re-established, correspondingly rapid plasma protein breakdown 
rates are required. Rates which have been quoted, e.g. 12-5 per cent 
per day for rabbit antibody globulin or 20 per cent per day for rat 
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albumin, refer to protein in combined lymph and plasma pools. If 
breakdown is confined to the plasma compartment, corresponding rates 
become 31 per cent and 50 per cent respectively of protein in the 
plasma pool for L/P ratios of 1-5. The rates effective in re-establishing 
plasma protein levels must be somewhere between the lower and 


higher value in each case, and are consistent with observed periods of a 
few days which are required to make good the effects of even relatively 


large single transfusions or withdrawals. 


IX. GENERAL PICTURE OF PROTEIN METABOLISM 

The classical physiology of FoLIN postulates a sharp distinction between 
a major part of urinary nitrogen, the excretion of which fluctuates 
with the dietary nitrogen level, and the remainder which like creatinine 
and uric acid is excreted independently of the diet. This constant 
fraction or so-called basal nitrogen excretion of an animal assumed to 
be in nutritional equilibrium and not using protein as a source of energy 
is visualized as arising from replacement of protein involved in “wear 
and tear’ processes as distinct from free energy producing ones. It is 
extremely difficult to measure it accurately because the body has a 
disconcerting habit of ‘remembering’ its dietary history for a surpris- 
ingly long time. Furthermore, the distinction between endogenous 
and exogenous nitrogen is not revealed as one might expect by any 
abrupt change in the course of urinary nitrogen excretion curves from 
animals on a rising level of dietary nitrogen when they pass from a state 
of net nitrogen loss to one of net gain (ALLISON, 1950). 

These observations raise the question whether there is any essential 
chemical difference in the source of urea nitrogen in the fasting and in 
the replete animal. In other words are so-called wear-and-tear processes 
in the cell chemically divorced from other processes involving proteins 
and amino acids? On the contrary the consensus of tracer evidence 
favours the view that they are interdependent. Plasma proteins cannot 
be made, as we have seen, without tissue proteins also being turned 
over, and neither can they be broken down to amino acids without 
changes taking place in expired CO,. The most satisfactory arrange- 
ment which appears also to be the simplest, is one (cf. Fig. 12) consisting 
of an intracellular amino-acid pool in close association with plasma-free 
amino acids and in similar dynamic equilibrium with the amino acids 
of all protein systems in the cell. This implies that a change in the mass 
of protein or amino acids in any one pool must inevitably affect in 
some degree the masses in all the others. 

On this basis a cell which is replete in nitrogen must be visualized 
as leading a fuller life in all aspects of its cellular biochemistry than a 
fasting one, with few if any qualitative differences between the two. 
Much evidence of a nonisotopic character favours this picture. Histo- 
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logically the replete cell is enriched over the fasting one in all its 
structures—nuclear, cytoplasmic and granular (ELMAN and Hetrerz, 
1941), while MILLER (1948) has shown that its enzymic activities also 
increase in parallel with nitrogen acquisition. This interdependence of 
systems within cells means also by virtue of the common plasma 
amino-acid pool an interdependence of cell systems throughout the 
body. Thus ablation of two-thirds of the rat liver is followed by rapid 
regeneration using nitrogen which may come in part from other tissues 
(Rosperts, 1953). In the fasting animal liver protein is always most 
heavily sacrificed (40 per cent in 7 days according to Appts et al., 
1936) and plasma protein is conserved so that only 3 per cent of the 
total loss is borne by it (WkEECH, 1938). On this view neither plasma 
protein nor any single kind of cytoplasmic protein can be taken to 
constitute the mobile protein store of the body, but all of them partici- 
pate in some degree according to the severity of the emergency. 

If these views are correct it follows that normal metabolic behaviour 
cannot reasonably be deduced from studies on nutritionally disturbed 
animals, and indeed that the results of such studies may well be mis 
leading. For example, it is possible from transfusion studies on depleted 
animals as we have seen to conclude that globin of haemoglobin is a 
specific precursor of plasma proteins (WHIPPLE ef al., 1945), or that 
plasma proteins are precursors of the matrix of bone in cases of osteo 
porosis (ALBRIGHT et al., 1950) both of which are highly unlikely on 
grounds of amino-acid composition. Isotopic methods in spite of the 
difficulties of interpretation which have been discussed here and to 
which FIsHEeR (1954) also draws attention seem to offer the only 


possibility of studying the organism as a whole under practically 
equilibrium conditions, and nothing short of this would appear to be 


really satisfactory. 
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THE USE OF ISOTOPES IN THE STUDY OF 
INTERMEDIARY METABOLISM 


H.R. V. Arnstein and P. T. Grant 


National Institute for Medical Research, Mill Hill, London, N.W. 7. 


lL. INTRODUCTION 


INTERMEDIARY metabolism may be defined as the chemical reactions 
by which living organisms utilize food for energy and for the synthesis 


of compounds essential for their continued life. The classical methods 


used to study intermediary metabolism (see FRuUTON and SIMMONDS, 
1954) have all suffered from the disadvantage that the experimental 
conditions differed in one way or another from the normal physiological 
state of the organism. More recently, the use of “‘biochemical”’ mutants 
(SPIEGELMAN and LANDMAN, 1954) and the application of isotopes have 
made possible studies under essentially normal conditions. The former 
method is, however, restricted to micro-organisms so that in most cases 
the isotopic tracer technique is the only satisfactory method for study- 
ing metabolic pathways in vivo. Moreover, this technique is often more 
convenient than the classical methods, and sometimes essential for the 
study of metabolic reactions in isolated tissue preparations or enzyme 
systems. 

In the present review, an attempt has been made to discuss mainly 
the more recent work which illustrates the scope of the isotopic-tracer 
technique. The design of biological experiments and the interpretation 
of isotopic data have been emphasized rather than the importance of 
the results themselves. 


Il. Tur Assay AND DeTEcTION OF ISOTOPES USED AS 
BIOLOGICAL TRACERS 
The food of a living organism is a complex mixture of compounds 
containing mainly the elements of carbon, hydrogen, oxygen, nitrogen, 
sulphur and phosphorus, and the isotopes of these elements have been 
extensively used as tracers to follow the intermediary metabolism of 
such compounds. The present review, therefore, deals only with the 
assay of the naturally occurring stable isotopes C, ?N, '8O, and 
deuterium (7H), and the unnatural radioactive isotopes MC, *P, *S, 
‘317 and tritium (°H). 
II. 1. Stable isotopes 


Stable isotopes of an element occur in almost constant proportions 
(Table 1). For example, the ratio of °N to “N in normal nitrogen is 
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38: 9962, and the normal abundance of N is, therefore, 0-38 atom per 
cent. Artificially enriched samples may contain up to 60 atom per cent 
N or (60 — 0-38) atom per cent N excess over the normal abundance, 
atom per cent rare-isotope excess being a useful expression for caleula- 


tions involving stable isotopes (SCHOENHEIMER and RITTENBERG, 1939). 

The ratio of isotopes present in a sample is usually determined in 
a mass spectrometer. Thus, the ratio ©N:'™N is determined from the 
intensities of the ion current at the peaks of mass 29(1°N, ™N) 
and 28(4N, ™N), peak 30(7°N, !N) being usually too small for 
accurate measurement. Similarly, C is estimated from the ratio of 
peaks of mass 44(12CO,) and 45(!8CO,). The theory and practice of mass 
spectrometer analyses has been discussed recently by BARNARD (1953). 

Several methods utilizing differences in the physical properties of 
D,O and H,O are available for the analysis of deuterium. For routine 
analysis, density is the only useful property, and the ‘falling drop” 
method is described in detail by GLascock (1954). The cheapness and 
simplicity of this procedure, which has also been used to estimate SO 
(DoLE, 1952) may, however, be largely outweighed by the fact that 
relatively large water samples (about 100 mg) are required, and the 
sensitivity is low, + 0-02 atom per cent D (cf. Table 1). The difficulties 
involved in the determination of deuterium by mass spectrometry have 
been discussed by WASHBURN, Berry and HALL (1953). 

An inherent limitation to the use of stable isotopes as_ biological 
tracers is the relatively narrow range between the highest concentration 
which can be obtained (Table 1) or safely administered to a living 
organism (see p. 184) and the lowest concentration which can be 
estimated with some accuracy. For example, according to the sensi 
tivity limits of the mass spectrometer given in Table 1, the maximum 
detectable dilution of a sample containing 70 atom per cent C excess 
would be 5000 fold, i.e. 0-014 + 0-01 atom per cent °C excess. The 
significance of such a low excess of °C over normal may, however, be 
doubtful, because the natural abundance ratio may vary slightly 
according to the source (see THopr, 1949). It is thus advisable to 
design biological experiments so that the measurement of almost 
normal isotope ratios is avoided. A 350-fold dilution, for example, 
would give a sample containing 0-2 atom per cent °C excess, which can 
be estimated with an accuracy of + 5 per cent, whilst the possible error 
due to variations in the natural-abundance ratio would be negligible. 

Il. 2. Radioactive isotopes 
IT. 2. 1. Quantitative assay of radioactivity 
Natural organic compounds do not contain radioactive isotopes except 
for minute traces of #C and tritium (3H) which are produced by cosmic- 
ray bombardment of the atmosphere (Lipsy, 1955). 
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ISOTOPES IN INTERMEDIARY METABOLISM 


During the decay process of biologically important radioactive 
isotopes charged particles are emitted which may be accompanied by 
electromagnetic radiation (Table 2). It is important to realize that, for 
various reasons, which are discussed later, only a fraction of the 
absolute number of disintegrations occurring in the sample per unit 
of time can be recorded. This fraction is termed the overall efficiency 


of a counter for a particular isotope. It is, therefore, usual to compare 


the specific activity of all samples under identical conditions with a 


suitable reference standard of known absolute specific activity, such 
as may be obtained from the Radiochemical Centre, Amersham, and 
similar establishments. 

The unit of radioactivity, the curie (c), is defined as the quantity of 
any radioactive nuclide in which the number of disintegrations per 
second is 3-7 x 10! (Panreru, 1950). For biological tracer studies, 
this unit is too large, the millicurie (me) and the microcurie (we) being 
convenient subdivisions. The relative radioisotope concentration in a 
compound is termed the specific radioactivity, i.e. ~c/mg, “c/mmole, ete. 

All samples can be assayed only in the presence of a background of 
counts, which is characteristic of the counting device and its environ- 
ment. The true counting rate of the sample is obtained by subtracting 
the background count, measured when the counter is operating with no 
radioactive source present, from the total observed counting rate of 
the radioactive sample. Radioactive decay is a random process so that 
statistical errors due to background and sample fluctuations are inherent 
in radioactive assay. The statistical treatment of counting data is 
discussed by CaLvrn ef al. (1949) and Taynor (1951). 

Assay of “C. In the simplest and most convenient method, a solid 
sample may be counted in a thin end-window Geiger counter, where 
the sample is mounted outside the gas-filled chamber (GrIGER-MULLER 
tube), and immediately below the window through which radiations 
may pass into the chamber. With the thinnest available window 
(about 1 mg/em* of mica), the overall counting efficiency is about 
1-2 per cent of the disintegration rate of MC. 

The insertion of the solid sample inside the chamber, through which 
a slow flow of a suitable gas mixture is maintained, eliminates window 
absorption, so that the overall efficiency is increased. Moreover, the 
“dead time” during which a counter is not capable of recording an 
ionizing event is greatly reduced (Table 3), and much higher specific 
activities can be accurately assayed. The more versatile nature of this 
instrument, working either in the Geiger or proportional region, has 
made it increasingly popular for the radioassay of solid samples (see 
GARROW and Piper, 1955). 

The main advantage of the direct radioassay of solid organic com- 
pounds is that, in addition to the usual criteria, radiochemical purity 
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ISOTOPES IN INTERMEDIARY METABOLISM 


can be established by repeated crystallization and radioassay until the 
radioactivity of the sample is constant. Subsequently, the pure 
compound can be used for the location of isotope within the molecule 
by degradation. Some organic compounds are, however, extremely 
difficult to prepare in uniform layers in a reproducible manner due to 
their granular or hygroscopic nature. In these circumstances it is usual 
to convert the compound into a suitable derivative or to combust the 
sample and radioassay the CO, produced as BaCO, (ABRAMS and CLARK, 
1951). Ba™CO, samples must not be exposed to CO, in a moist atmos- 
phere because of interchange between carbonate and CO, (ARMSTRONG 
and SCHUBERT, 1947). 

For the preparation of solid samples, the compound is compressed 
into an even layer of known surface area (usually 1 em? or larger) in a 
rimmed disk or shallow cup (PopsAk, 1950; Burr and Marcta, 1955). 
Alternatively, a suspension may be evenly deposited by filtration 
(SCHWEITZER and Stern, 1950) or centrifugation (HuTCcHENS, CLAY- 
coMB, CATHEY and vAN BRUGGEN, 1950) on to a filter-paper circle 
supported on a perforated disk. 

Because of the low energy of the / particles emitted by “@C, an 


appreciable proportion of the radiation from samples exceeding approxi- 
mately 5 mg/cm? is absorbed in the upper layers of the sample itself 


(self-absorption), and the observed radioactivity is no longer propor- 
tional to the mass of the sample. At about 20 mg/cm?, the radioactivity 
from the bottom layer is completely absorbed by the upper layers, and 
further increase of the sample mass above this amount does not change 
the observed radioactivity. Such samples are termed as being of 
“infinite thickness.”” If less than this amount of a compound is avail- 
able, the observed radioactivity may be corrected to an “‘infinite 
thickness” value by means of an experimentally determined relation- 
ship between radioactivity and sample thickness (ARMSTRONG and 
ScHUBERT, 1948). The counting rates of infinitely thick samples of the 
same compound are proportional to their specific activities. In addition 
to the radiation emitted by the upper layers of the sample within the 
solid angle contained by the source and the end window, the observed 
radioactivity includes / particles reflected into the solid angle mainly 
by collision with the sample material. This effect is termed “back- 
scattering,’ and its magnitude increases with increasing average 
atomic number of the radioactive compound (CALVIN ef al., 1949). 
For samples of compounds whose average atomic numbers do not 
differ markedly, the backscattering component is constant and the 
observed counting rates are directly comparable. Compounds with an 
exceptionally high average atomic number (e.g. BaCO , iodoform) 
exhibit appreciable backscattering, the extent of which depends on the 
precise conditions of radioassay, such as counter-geometry, the nature 
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of the disk or cup containing the sample and the thickness of the end 
window of the counter. These considerations probably account for the 
fact that the observed radioactivities of BaCO, samples have been 
reported to exceed those predicted by 34 per cent (Topper and 
HASTINGS, 1949), 26 per cent (CRANE and BALL, 1951), 5 per cent 
(ARNSTEIN and BENTLEY, 1953), and 5 per cent for 5 mg/cm? samples 
counted in a gas-flow windowless proportional counter (KARNOVSKY 
et al., 1955; see also NELSON and KrotKoyv, 1955). Consideration of 
errors due to backscattering may be avoided by counting all samples 
in the same chemical form (i.e. BaCO,), but many workers perfer to 
count organic compounds directly and apply such corrections as may 
have been found necessary in their own particular procedure of 
radioassay. 

In biological experiments it is not uncommon to isolate only a few 
milligrammes of a pure intermediate. In this case the compound may 
be deposited from solution by evaporation on circles of microscope lens 
paper mounted on disks (CALVIN ef al., 1949). Such samples are 
termed “‘infinitely thin” or of ‘zero mass,” and this technique has been 
used to count fatty acids (ENTENMAN, LERNER, CHATKOFF and DAUBEN, 
1949) and N-dinitrophenylamino acids (ASkONAS, CAMPBELL, GODIN 
and Work, 1955; FLAVIN and ANFINSEN, 1955). Infinitely thin samples 
do not require self-absorption corrections. For example, the observed 
radioactivities of a standard sample of dinitrophenyl-[«-“C] glycine 
were proportional to the sample weight in the range 20-200 ug/em?, the 
counting rate of the 200 ug sample being about 1/50 of that obtained 
with an “infinitely thick’? sample of the same material (HENRIQUES, 
HENRIQUES and NEUBERGER, 1955). The backscattering component 
in the observed radioactivities of infinitely thin samples is almost 
entirely due to reflection of 8 particles by the sample mount (GLEN- 
DENTIN and SoLomon, 1950). For this reason, the observed radioactivities 
of different compounds should be directly comparable, provided the 
samples are mounted in an identical manner. 

Small biological samples (2-15 mg) may be usually counted with 
higher efficiency as “CO, in a gas-phase counter (BRADLEY, HOLLOWAY 
and McFaruane, 1954; Grascock, 1954; Srvex et al., 1955). MCO, 
from the combusted sample is mixed with another suitable gas and 
introduced directly into the counting chamber. In this way almost all 
the radioactive molecules are within the sensitive counting volume, and 
some 98 per cent of the disintegrations may be detected (SINEX ef al., 
1955). Moreover, self-absorption and backscattering are negligible. 


This technique is advantageous because of its overall efficiency and the 
small amount of sample required, but gas-phase counting is not always 
superior to solid counting. For example, an “‘infinitely thin”? sample 


(1 mg) of “C-labelled liver protein gave 16 counts/minute, of which 7 
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were background, in a windowless gas-flow proportional counter, while 
a similar sample counted as @CO, in a gas-phase instrument gave 36 
counts/minute, of which 18 were background (GaRRow and PIPER, 
1955). Since the accuracy of counting increases with the ratio of total 
counting rate to background, there is little difference between the two 
types of counter under these conditions. Ifthe sample sizes were larger, 
however, the gas-phase counter would be preferable since the observed 
radioactivity would increase linearly with increasing sample weight, 
whereas with the solid counter the increase in radioactivity would be 
less, due to self-absorption. 

Other instruments which are of more limited application for the 
routine radioassay of “C in biological samples are the ionization 
chamber (BAKER, ToLBerRT and Marcus, 1955; ConLiims and Ropp, 
1955) and the scintillation counter (STRANKS, 1956; WaGNeER and 
GUINN, 1955). 

Assay of ®S. The maximum energy of the / particles emitted by 
*S is similar to that of "C, so that the same technique and methods 
may be used. The solid organic compound may be counted directly, or 
it may be oxidized to inorganic sulphate and precipitated as benzidine 
sulphate (Tarver, 1951; Garronpk and Ricwtrer, 1955). 

The self-absorption and backscattering of ®°S are similar to those of 
MC (GLENDENIN and SoLtomon, 1950). Due to the relatively short 
half-life of the isotope (Table 2), radioactivities observed over a period 
of days or weeks must be corrected for isotopic decay. This is most 


conveniently done by using a portion of the original *°S-labelled 


material as a reference standard. 

The radioassay of *S in the gas phase as H,*S (BERNSTEIN and 
BALLENTINE, 1950) or ®SO, (Norris, 1952) and in the liquid phase 
(Waser, Reip and Se_prn, 1953) have also been reported. 

Assay of tritium. Until a few years ago, tritium was not extensively 
used as a tracer in biological experiments, chiefly because of the difti- 
culties involved in its radioassay. It is the weakest radioactive source 
known, having approximately 1/10 of the maximum energy of the 
p particles of MC. Owing to this fact, the counting of solid samples by 
a windowless gas-flow proportional counter (Erpinorr and KNOLL, 
1950) or scintillation counter (HAYES and GouLD, 1953) is less sensitive 
than the radioassay of “C in an endwindow Geiger-Miiller counter. 
The only efficient method is the direct gas-phase assay of tritium. The 
gases containing tritium which are preferred for counting are hydro- 
carbons such as methane (Roprnson, 1951), butane (GLAscOcK, 1954), 
or acetylene (Wine and JoHnson, 1955), although water vapour 
(Pack, Kurye, ScuacumMan and Harrenist, 1947) and hydrogen gas 
(BERNSTEIN and BALLENTINE, 1950) have also been used. The disad- 
vantage of hydrogen gas or water vapour is their absorption on the 
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interior surfaces of the counting chamber and the difficulty of removing 
such contamination. 

Methods for the radioassay of tritium are listed by THompson (1954), 
and a description and discussion of most of them is given by GLAscocK 
(1954). 

Assay of **P. The maximum energy of the radiation of **P is about 
10 times that of “C (Table 2), so that the radioassay of **P as a solid 
sample in an end-window Geiger counter is more efficient because there 
is little absorption of the high-energy f particles by the window 
material (see Table 3). It has been estimated that the overall efficiency 
of the thin-end-window Geiger counter for solid samples (strychnine 
phosphomolybdate or magnesium ammonium phosphate) is about 38 
per cent (CLARKE, 1952). Self-absorption is not appreciable for samples 
less than about 50 mg/cm? (KAMEN, 1947), and backscattering correc- 
tions are usually avoided by comparing the radioactivities of all samples 
in the same chemical form under identical conditions of radioassay. 

The radiation of **P readily penetrates thin glass, and for this reason 
the isotope is most often radioassayed by dipping an all-glass counting 
chamber into the radioactive solution. Liquid counters (Hrvesy, 
1948; Vea, 1948; Rose and Emery, 1951) are obtainable com 
mercially. The overall efficiency of such a liquid counter for **P 
(10 ml sample) has been estimated as 5 per cent (VEAL, 1948). 

The short half-life of the isotope (Table 2) makes decay corrections 
necessary. This is most conveniently done by making a reference 
standard of some of the original **P-labelled material used in the 
experiment. 

Assay of 1. Compared with “@C, *S and **P, !I has not been used 


extensively as a tracer in studies of intermediary metabolism and radio 


assay procedures for this isotope will not be considered in detail. 

BRUNER and PERKINSON (1952) have compared the relative efficiency 
and sensitivity of nine different types of instrument for the assay of 
317. They concluded that windowless gas-flow proportional counting 
of a solid sample is preferable to scintillation counting. More recently, 
however, improved scintillation techniques (BELCHER, 1953; Haran, 
1954) permit solid and liquid counting with improved efficiency. 


I]. 2. 2. Qualitative radioactive assay 


In many instances metabolic intermediates are unknown or occur only 
in trace amounts. A simple method of detecting and estimating 
radioactive intermediates is to separate crude-tissues extracts by two- 
dimensional chromatography, and locate the radioactive areas by 
autoradiography. The intermediates can then be identified by com- 
parison with the chromatographic behaviour of known compounds. 
The amount and radioactivity may be estimated from the size and 
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density of the spot on the x-ray film, or alternatively as infinitely 
thin samples after elution from the paper. In this manner some of the 
photosynthetic products of “CO, fixation by algae (BrNnson ef al., 
1950) and the metabolic products of “C-acetate incubated with liver 
slices (Katz and Cuarkorr, 1954) have been identified. Indeed, the 
presence of an unknown !!I-containing spot in an extract of thyroid 
tissue led to the discovery of 3:5:3'-triiodothyronine as a normal 
constituent of thyroid tissue (Gross and Prrr-Rivers, 1953). 

The radioactivity on paper chromatograms (usually one-dimensional) 
may also be automatically detected by moving the strip slowly by 
mechanical means under the end-window of a Geiger-Miiller counter 
(WINTERINGHAM, HARRISON and BripGes, 1953; CARLESON, 1954) or 
a windowless gas-flow proportional counter (BANGHAM, 1956). Such 
automatic scanning devices are also commercially available. 


(11. THe PREPARATION OF IsoTOPICALLY LABELLED 
COMPOUNDS 

Direct neutron irradiation of suitable compounds has been used to 
prepare [*°S] cystine (BALL, SoLoMON and Coopsr, 1949), [C] glucose 
or benzoic acid (WoLFGANG, RowLanp and Turton, 1955) and 
[®°Co]-vitamin B,, (ANDERSON and DELABARRE, 1951), but up to the 
present the induced radioactivity has been too low to be of practical 
value. Accordingly, labelled compounds of high specific activity are 
normally chemically synthesized or biosynthesized. 

III. 1. Chemical synthesis 

Several recent reviews deal exhaustively with the preparation of 


labelled compounds (WEYGAND and Srmon, 1954; Tuomas and 
TURNER, 1953; ARNSTEIN and BentTLEY, 1950). In addition many of 


the experimental procedures are described in some detail in an American 
Atomic Energy Commission Supplement (1952), by CALVIN ef al. (1949) 
and Catcu (1953). 


IIl. 2. Biosynthesis 
[t is not always practicable to prepare isotopic compounds by chemical 
means, and biosynthetic reactions have been frequently employed. 
The method is of general application for the uniform labelling of 
compounds such as [C] sugars and amino acids, or for the labelling of 
molecules containing only one atom of an element to be traced (Table 4). 
The usual design of a biosynthetic preparation is to obtain as high a 
yield of product as possible consistent with a minimum dilution of the 
added isotope. For example, green leaves were first depleted of starch 
before being allowed to photosynthesize glucose from CO, under prev- 
iously determined optimum conditions (Livingston and MEpDEs, 1948). 
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ISOTOPES IN INTERMEDIARY METABOLISM 


Procedures for specific labelling, particularly the carbon atoms of a 
molecule, are, however, dependent on exceptionally favourable circum- 
stances (Table 4). For example, the liver glycogen of the rat may be 
depleted by fasting and glycogenesis then stimulated by feeding glucose 
or lactate and at the same time injecting NaH™CO,. In this way about 
2-5 per cent of the added isotope can be recovered as liver glycogen, in 


which the glucose units contain most of the radioactivity (about 98 per 
cent) at C, + C, (SHREEVE, Fer, LoRBER and Woop, 1949). Topper 
and Hastings (1949) incubated rabbit liver slices with NaH™CO, and 
found no activity in positions other than C, + C, of glucose obtained 


from glycogen. 


II. 3. Criteria of purity of isotopically labelled compounds 


Ill. 3. 1. General considerations 

While ordinary chemical tests such as melting point, etc. are indicative, 
the only satisfactory criterion of purity for labelled compounds is the 
complete association of the isotope with the compound in question. 
Substances containing stable isotopes may be recrystallized from 
different solvents until the atom per cent rare isotope excess remains 
constant with repeated purification. Radiochemical purity can be 
established in a similar manner. There are cases, however, when even 
this criterion is inadequate. The pipsyl derivatives of some amino 
acids, for example, tend to coprecipitate from solution (KEsTON, 
UDENFRIEND and Cannon, 1949). Radioautography or scanning of 
paper chromatograms can be used to determine whether all the radio- 
activity is associated with the labelled compound (PurmMaNn and 
Hassip, 1952; Ostwatp, ApAMs and ToLBeEertT, 1952). 

Quantitative estimates of purity can also be made by degradation, 
when the sum of the isotope content of the fragments should agree 
with that of the whole compound (BootHRoyp ef al., 1955), or by 
isotope dilution. In the latter case, a known amount of the isotopic 
compound is thoroughly mixed in sotution with a known amount of its 
nonisotopic counterpart. The compound is then purified, usually by 
crystallization or chromatography, and its isotope content determined. 
If the original isotopic sample was pure, the dilution observed in the 
isotope content of the reisolated sample should be the same as the mass- 
dilution factor. An important advantage of this method is that the 
sample may be rigorously purified until its isotope content remains 
constant. For a fuller discussion of the principles of isotopic dilution 
analysis see p. 204. 

It may be necessary to establish the radiochemical purity of radio- 
active compounds stored for prolonged periods prior to their use as 
tracers in biological experiment, since some compounds decompose 
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under the influence of their own radiation (LEMMoN, 1953). The most 
striking example is [methyl-“C]choline chloride, 63 per cent of which 
was destroyed in about one year, even though the anhydrous sample 
was stored in the dark in sealed evacuated ampoules. The main 
products of the decomposition were |C]trimethylamine and unlabelled 
acetaldehyde (TOLBERT ef al., 1953; see also Lemmon, PARSONS and 
Cuin, 1955). [4C]Methanol (8-10 me/mmole) has also been found to 
decompose (SKRABA, Burr and Hess, 1953) and in this case hydrogen, 
methane, ethylene glycol, glycerol and mannitol, were present after 
storage. More recently, thioctic acid (6:8-dithiooctanoic acid), 
200 ve®S/mg, has been claimed to undergo self-decomposition at a rate 
of about 0-3 per cent per day (ApAms, 1955). Other highly radioactive 
compounds, such as some amino acids, apparently decompose only to a 
negligible extent (LEMMON, 1953). 


III. 3. 2. The optical purity of stereoisomers 
The stereochemical specificity of many biological reactions makes it 
desirable that a labelled stereoisomer be stereochemically as well as 
analytically pure with respect to the isotope employed. The criteria 
of isotopic purity of such asymmetrie compounds may be illustrated 
by reference to the optical enantiomorphs of the « amino acids. 

Optical purity is most often determined by the optical rotation of 
amino-acid solutions in a polarimeter, but this method does not detect 
small amounts of a contaminating enantiomorph (GREENSTEIN, 1954). 
Optically specific enzymes which oxidize or decarboxylate the con- 
taminant isomer are extremely sensitive, 0-1 per cent being detectable, 
but are not applicable to all amino acids (GREENSTEIN, 1954). 

Methods are available which are based directly on isotopic rather 
than on optical purity. Thus, highly radioactive benzyl-pL-|*S|cys- 
teine was diluted 66 fold with pure unlabelled benzyl-L-cysteine, and 
the mixture recrystallized from enough solvent to retain all benzyl- 
pL-cysteine in the mother liquor. The resulting crystals, mainly diluted 
benzyl-L-|*°S] cysteine, were repeatedly recrystallized to a constant radio 
activity which was the same as that calculated from the degree of dilution 
of the L-enantiomorph. Since the radioactivity of the p-enantiomorph 
was 66 times that of its L-counterpart, traces of the p-contaminant 
would have been readily detectable (Woop and Gutman, 1949). This 
procedure may be generally applicable to the isolation of radioactive 
stereoisomers provided that the solubility of the racemic derivative is 
not markedly affected by the presence of a large excess of one of the 
optically active forms. In the particular case of lysine picrate, copre- 
cipitation may account for the failure to obtain L-{“C]lysine in a 
reasonable state of purity (ARNSTEDN, HUNTER, Murr and NEUBERGER, 
1949). 
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The criterion of isotopic purity of a labelled enantiomorph would 
obviously be satisfied if the contaminating isomer contained only an 
insignificant amount of the isotope. The isotopic dilution procedure 
was first used for this purpose by SCHOENHEIMER, RATNER and RITTEN- 
BERG (1939). The separation of the salts of a racemic acid (an N- 
substituted « amino acid, in this case) with an optically active base by 
one recrystallization is usually incomplete. The mother liquor in 
addition to containing almost all of the soluble diastereoisomeric salt 
is saturated with respect to the insoluble “‘contaminating”’ salt. When 
the original racemic amino acid is isotopically labelled, the insoluble 
salt present in the mother liquor can be replaced by crystallization 
after addition of a large excess of its unlabelled counterpart. By this 
procedure, the total amount of contaminating diastereoisomer in 
solution remains unchanged (i.e. the mother liquor is still saturated 
with respect to the insoluble salt), but the amount of isotope contained 
by the contaminant can be reduced to any desired extent by repeating 
the procedure. Thus, if 1/ is the mass of labelled contaminating 
diastereoisomer of isotope content x originally present, and M’ is the 
mass of unlabelled contaminating diastereoisomer added each time, 
then the isotope content y of the contaminant remaining in solution 
after  recrystallizations from a constant volume is given by the 

M )’ 
M + M’/ © 
known, it is possible to use this equation, where n = 1, to calculate 
the mass of contaminant diastereoisomer originally present, i.e. 
M'y 


Since 2 and y can be measured and J’ is 


formula y = x | 


M 


By this procedure a sample of the brucine salt of S-benzyl- 
x—y 

N-formyl-1[f-4C]cysteine was found to contain 7 per cent of the 
< I A 

p-diastereoisomer, although only 0-1 per cent of the isotope was 

associated with the contaminant (ARNSTEIN and GRANT, 1954b). 


IV. Tar DrGRADATION OF ISOTOPICALLY LABELLED 
COMPOUNDS 


While the incorporation of any isotope into the product of a biological 
system shows that it is metabolically related to the added labelled 
compound, the distribution of C in the product is frequently indicative 
of the reactions which may have been involved. This aspect of the 
tracer technique requires procedures whereby specific portions of the 
molecule, preferably one-carbon fragments, may be isolated in a form 
suitable for isotope analysis. 

Degradative methods must be proved to yield unequivocal results, 
and this is usually accomplished by checking the procedure with the 
compound specifically labelled by chemical synthesis. For example, 
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in order to prove that iodoform is only derived from the methyl group 
of acetaldehyde, CH,;"CHO was synthesized and treated with hypo- 
iodite. Of the 1210 counts/min of “C in the acetaldehyde, none 
appeared in the iodoform (EHRENSVARD, ReEIo, SALUSTE and STJERN- 
HOLM, 1951). Alternatively, the results of several presumably specific 
degradation procedures may be compared. In this way, the validity 
of a method whereby all six carbon atoms of glucose are obtained 
individually as BaCO, was confirmed by comparison with the results 
from partial degradation procedures (BERNSTEIN, LENTZ, Mam, 
SCHAMBYE and Woop, 1955). The essential reactions of this particular 
procedure are given in Fig. 1. Apart from the initial bacterial fermenta- 


CH,OH - (CHOH),-CHO 


glucose 
| specific fermentation by 
Leuconostoc mesenteroides 


| 
Y 


CH,-CHOH -COOH HO-CH,-CH, 


lactic acid ethanol 


MnO, H,Cr,0, 


Y 
CH,-CHO + CO, HOOC-CH, 


acetaldehyde (( 1 ) acetic acid 
(4) 


pyrolysis of 
t 


NaOl arium salt 


Y Y 
CHI, + HCOOH 10, + CH,-CO-CH, 
iodoform formic acid fe acetone 


al he) : | 


NaOl 


Y 
CHI, 
iodoform 

(( 42)) 


Fig. 1. Degradation of labelled glucose. From the paper by BERNSTEIN 
et al. (1955). 


tion of glucose, the reactions are typical of those usually employed for 
the specific carbon by carbon degradation of small isotopically labelled 
molecules. 

For direct gas counting of “C, or if any end-product is not readily 
prepared in a uniform layer for solid counting, it is usual to convert 
samples to CO, or BaCO, respectively. For this purpose, the wet- 
combustion technique (VAN SLYKE, PLAzIN and WeElIsigER, 1952; 
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Prrers and Gutman, 1953; CaLvrn et al., 1949) has been successfully 
used (see also CoLLIns and Ropp, 1955), although some exceptions 
have been reported. In the oxidation of {methyl-“C] choline, a low 
radioactivity was observed in the resulting BaCO, which was shown to 
be due to a difference in the resistance to oxidation between the 
methyl and the ethanolamine moieties of choline (ARNSTEIN, 1952). 
With the wet combustion of iodoform, difficulties have been experienced 
(SHREEVE, LEAVER and SIEGEL, 1952), but other workers have found 
the method satisfactory (Ror and ALBENEsIUS, 1952; Ropp, BONNER, 
CLarK and Raaen, 1954). The former authors have devised a specific 
oxidation procedure for iodoform, and compared the results obtained 
with those found by standard wet combustion. 


V. Some AppiicaTions OF IsoropEs TO METABOLIC STUDIES 
The main advantages of the isotopic tracer technique is its appli- 
cability, both im vivo and in vitro, to reaction sequences in which no net 
synthesis occurs. Thus, the incorporation of “CO, by photosynthesis 
into intermediates has been followed under steady-state conditions 
(BENSON ef al., 1950). Reactions may be studied even during the 
simultaneous breakdown of tissue constituents, and the biosynthesis of 
purines from labelled glycine and formate in liver homogenates could 
be readily demonstrated despite the extensive catabolism of tissue 
nucleic acid to purines (GREENBERG, 1951). The utilization of pre- 
cursors which are not rate limiting can also be shown without difficulty, 
as in the case of penicillin biosynthesis from cystine and valine (ARN- 
STEIN and GRANT, 1954a). 

Moreover, isotopes may be used to assess the quantitative signifi- 
cance of one metabolic pathway with respect to other reactions of both 
the precursor and the product. This aspect has recently received 
increasing attention, particularly in cases where alternative pathways 


are possible. 


lL. Choice of isotope 


The metabolic fate of an individual atom is usually best studied with 
an isotope of the same element. In early experiments, compounds were 
often labelled with deuterium or isotopic nitrogen, since isotopic carbon 
was not available. More recently, tritium has been used in a similar 
way (THompsoN, 1954) because of its high specific activity and low 
cost. An important consideration governing the choice of tracers like 
deuterium and tritium for following the metabolism of carbon atoms 
to which the isotopic hydrogen is attached is the possibility of exchange 
of the isotope with cell water. Chemical stability can easily be checked, 
but metabolic reactions often give rise to intermediates in which the 
hydrogen atoms are labile. For example, succinate is converted into 
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acetate with the intermediate formation of oxaloacetate in which all 
hydrogen atoms are exchangeable with water. The labelled nitrogen 
atom of an amino acid may be similarly lost by transamination without 
metabolism of the carbon chain. No general rule can be laid down: 
some essential amino acids, like phenylalamine and tyrosine, undergo 
extensive transamination in the living animal, whilst others, such as 
threonine, are only irreversibly deaminated (ELLIOTT and NEUBERGER, 
1950). On the other hand, glycine, though nutritionally dispensable 
and transaminated in vitro (CAMMARATA and COHEN, 1950), is not 
reversibly deaminated in vivo, as shown by a constant @C:'N isotope 
ratio in glycine isolated from animals fed |«-"C, N|glycine (ARNSTEIN 
and NEUBERGER, 1951). 

Care is therefore necessary in the choice of isotopes, but a study of 
the differences in the reactions of individual atoms or molecular 
fragments of a compound is, of course, essential for the complete 


understanding of its metabolism. 


2. Effect of dosage and diet 
Changes in the dietary level of a compound have been observed to 
alter its metabolism, but this factor is often not considered sufficiently. 
The oxidation of the methyl group of methionine by the rat is increased 
markedly when the level of [methyl-“C] methionine in the diet is 
raised from 0-6 per cent to 1-2 per cent, the total amount of @C elimi 
nated in the respiratory CO,, faeces and urine within 24 hr being 10 per 
cent and 30 per cent respectively (MACKENZIE ef al., 1950). Moreover, 
the amount of [*°S] methionine incorporated into proteins is less with 
larger doses (TARVER, 1951), indicating that the proportions utilized 
for synthetic reactions (e.g. protein synthesis) or catabolized, depend 
on the amount given. Dietary choline also increased the oxidation of 
methionine methyl groups (MACKENZIE and pu VIGNEAUD, 1952), 


presumably because the methyl groups of cholines are transferred to 


methionine by transmethylation. 

The metabolism of glycine is also strikingly affected by the dose and 
diet. With doses of 5 millimoles of [«-"C] glycine/100 g body weight, 
extensive conversion of the « carbon atom of glycine into the # carbon 
atom of serine takes place im vivo, the radioactivity of the 6 carbon 
atom being 82 per cent of that of the « carbon atom of serine (SAKAMI, 
1949). This reaction depends, however, on the level of glycine in the 
diet (Table 5). Since reduction in the dietary level of glycine does not 
increase the rate of glycine biosynthesis by the animal (ARNSTEIN and 
NEUBERGER, 1953b), the relative decrease in the radioactivity of the 
f carbon atom of serine must be due to a reduction in its biosynthesis 
from the « carbon atom of glycine. Since glycine is nutritionally 
dispensable and constitutes only about 0-2—0-5 per cent of normal diets, 
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TABLE 5 
Effect of Dietary Glycine on the Biosynthesis of the f Carbon 
Atom of Serine from Glycine 


Dietary level of Distribution of radioactivity in serine 
[x-MC] glycine (%) isolated from tissue proteins (%)* 


p-C x-C carbory-C 


2 36 


0-5 20 
0-1 13 


* ARNSTEIN and NEUBERGER (1953b); ARNSTEIN (unpublished 
results). 


it is concluded that neither endogenously synthesized glycine nor 
glycine fed at normal nutritional levels is an important source of the 
one-carbon precursor of the # carbon atom of serine. The metabolic 
conversion of the « carbon atom of glycine, presumably to formaldehyde 
or formate, thus appears to be used mainly for the catabolism of exces- 
sive amounts of dietary glycine. 


3. Effect of radiation and the toxicity of isotopes 

A quantitative estimate of the radiation emitted by a radioactive 
compound used in a metabolic experiment is sometimes important, 
since the dose must not affect the metabolism of the experimental 
animal or tissue. On the basis of various assumptions concerning both 
the distribution of a particular isotope and the maximum permissible 
dose for prolonged exposure, the radiation received by various tissues 
has been calculated. Assuming a uniform distribution of isotope 
throughout the body, MARINELLI, QuImBy and HINE (1948) have given 
the doses of several isotopes which emit radiation equivalent to 0-lr 
during 24 hr after administration (see Table 6). It is clear, however, 
that uniform distribution is unlikely, an extreme example being the 
selective uptake of iodine by the thyroid gland. Recent reeommenda- 
tions by the International Commission on Radiological Protection 
(1954) have attempted to allow for uneven distribution of elements in 
the human body, and the radiation received by critical organs as well 
as by the whole body has been taken into account in assessing the 
maximum amount of a radioisotope which is considered safe to man for 
prolonged periods. The maximum dose is considered to be 0-3 rem/week 
radiation of 1 rem being defined as equivalent to X-radiation of such a 
dose that 1 r is absorbed by the body. 

In biochemical experiments doses considerably in excess of those 
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TABLE 6 
Dose of Isotope (uc/kg) giving a Radiation equivalent to (a) 0-Ir for 24 hours 
after Administration or (b) 0-3r/week. Data for (a) calculated by MARINELLI et al. 
(1948), asswming uniform Distribution of Isotope, those for (b) given in the 


report of the International Commission on Radiological Protection (1954), 


assuming non-uniform Distribution 


Dose (ue/kg) 


lsotope 


Tritium (*H) 
Carbon (!4C) 
Phosphorus (*?P) 
Sulphur (#8) 
lodine (1!) 


in Table 6 (10-1000 times those in column 6) are commonly used, but 
there is no evidence of harmful effects on the metabolism of the 
organism or tissue, which might invalidate the experimental results. 
Very high doses (up to 10%r) are required to cause physicochemical 
changes in vitro, such as depolymerization of nucleic acid, although 
doses as low as 50 r may produce chromosome damage. In general, 
animals are more susceptible than plants or micro-organisms, but 
species differences are relatively small, the LD,, ranging from 325 r for 
dogs to 800r for rabbits (see review by Orp and SrockeEn, 1953). 
Most metabolic experiments are either of short duration or involve 
only very low doses. In addition, excretion of the administered com- 
pound is usually rapid. The amount of radiation in such experiments 
is therefore usually well below 50 r. In doubtful cases, the effect of 
radiation on the experimental results can be checked easily by repeating 
the experiment with identical doses containing different levels of 
radioactivity. 

With deuterium, care must be taken to use safe isotope concentrations. 
Up to 10 per cent D,O had no detectable effect on mammalian tissue 
(SCHOENHEIMER and RITTENBERG, 1940), and up to 50 per cent had no 
effect on the growth of algae (WEINBERGER and PorTER, 1954). 


USE OF UNIFORMLY LABELLED COMPOUNDS 


Uniformly labelled compounds, such as “C and ®N amino acids, 
sugars, and »N and **P nucleotides, are useful mainly for general 


surveys of metabolic reactions. For example, the nitrogen metabolism 
of 15 biosynthetically prepared {!N]Jamino acids has been investigated 
by Agvist (1951). Similarly, the conversion of carbohydrate into 
various amino acids was demonstrated with uniformly labelled |“@C}] 
glucose both in vitro (WINZLER ef al., 1952) and in vivo (BLACK, 
KLEIBER and Baxter, 1955), and with [@C] sucrose (STEELE, 1952). 


L185 
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In vivo, carbohydrate was converted only into the nonessential amino 
acids, but im vitro brain tissue incorporated radioactivity into all 
amino acids except proline and threonine, whereas liver and intestine 
gave similar results to the in vivo experiment (WINZLER ef al., 1952). 


|. Isotopic competition 


In this method, the effect of unlabelled compounds on the incorporation 
of isotope from a labelled substrate into a metabolic product is 
determined, since the addition of intermediates or closely related 
compounds results in a decreased utilization of the labelled substrate. 
This method is often very convenient, because the preparation of 
labelled intermediates is avoided, whilst the labelled substrate is usually 
a readily accessible compound such as “CQO,, uniformly labelled 
glucose, or even an inorganic ion (e.g. ®SO;, **PO=). Thus, the 
utilization of L-cystine, L-cysteine, methionine, or glutathione for the 
biosynthesis of penicillin by Penicillium chrysogenum was shown by their 
effect on the incorporation of *S from labelled inorganic sulphate 
(STEVENS ef al., 1953). Other sulphur compounds, including DL- 
homocysteine, L-cysteic acid, and taurine, were also converted into 
penicillin in preference to sulphate, but less efficiently than L-cystine 
(STEVENS ef al., 1954). Similarly, the utilization of labelled sulphate by 
Escherichia coli in the presence and absence of various organic sulphur 
compounds indicates the following metabolic pathway for the conver 
sion of inorganic to organic sulphur by F#. coli (Cowrr, Bouton and 


SANDS, 1951): 


(SO; 


+ la - cysteine —> homocysteine — methionine 
; {S05 4 7 


SO 


Amino-acid metabolism has also been studied by the isotopic competi- 
tion method, using uniformly labelled [@C] glucose, “CO, or [MC] 
acetate, as the labelled substrate (ROBERTS ef al., 1953). 


2. Trapping of intermediates 
Since intermediates are often synthesized in trace amounts only, 
metabolic reactions are sometimes studied in the presence of a large 
excess of an unlabelled compound which is believed to be an inter- 
mediate. The incorporation of label into the added compound shows 
that this intermediate occurs in the metabolic sequence being investi- 
gated. The absence of incorporation of isotope, however, is not 
conclusive evidence. For example, when labelled acetate is oxidized by 
Escherichia coli in the presence of unlabelled « ketoglutarate and succi- 
nate, little radioactivity was incorporated into « ketogluturate, but 
the succinate was highly labelled. On the other hand, in the absence 
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of unlabelled « ketoglutarate, the x ketoglutarate produced meta- 
bolically was labelled to the same extent as the other acids of the 
tricarboxylic acid cycle, indicating that exogenous « ketoglutarate does 
not equilibrate with metabolic x ketoglutarate (Swim and Kramprrz, 
1954: Ast and Wona, 1955). 


USE OF SPECIFICALLY LABELLED COMPOUNDS 


1. Labelling of specific positions with one isotope 


The selective labelling of a precursor in a known position may be used 


to elucidate reaction mechanisms. Thus, the distribution of @C in 
glycine derived from labelled acetate excluded the possibility of a 
direct conversion of acetate into glycine, since carboxyl-labelled 
acetate gave rise to glycine labelled only in the carboxyl carbon atom, 
whilst [«-"4C] acetate was converted into glycine containing 60—70 per 
cent of the total MC in the x carbon atom and 30-40 per cent in the 
carboxyl carbon atom (ARNSTEIN and NEUBERGER, 1949). 

In many cases it is, however, necessary to consider the possibility of 
molecular rearrangements and migrations which may result in an 
unexpected distribution of isotope in the metabolic product. In 
addition, asymmetric labelling does not necessarily exclude a sym 
metrical intermediate, as will be discussed in detail later. 

The occurrence of interesting intramolecular rearrangements in the 
biosynthesis of valine, isoleucine and cholesterol has been deduced 
recently from the distribution of isotope when these compounds were 
biosynthesized from precursors labelled in known positions. 

Valine and isoleucine. In the biosynthesis of valine from acetate by 
Torulopsis utilis only the carboxyl carbon atom of valine is derived 
from the carboxyl carbon atom (c), whilst all the other carbon atoms 
originate from the methyl carbon atom (m) of acetate (EHRENSVARD 
et al., 1951): 


Mei 
CH, 
vt Cc 71) m mi ec 


CH,-CO,H —>CH,—CH-CH-CO,H 


NH, 


acetic acid valine 


This distribution of isotope eliminated the possibility that the carbon 
skeleton of valine might be synthesized from acetate via acetoacetate 
and £8 dimethylacrylic acid, which would result in labelling of the 
6 carbon atom of valine from [carboxy-“C]acetate. A comparison of 
the distribution of “C in valine derived from labelled acetate, lactate 
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and glucose (STRASSMAN, THOMAS and WernuHousk, 1955), showed that 
[2-!C] lactate gave rise to equal labelling of the « and # carbon atoms, 
whereas only the carboxyl carbon atom was labelled when [1-“C] 
lactate was the precursor. [1-C] Glucose gave rise to valine labelled 
predominantly in the methyl carbon atoms, presumably after con- 
version into [3-"C] lactate : 


Precursor Radioactivity in valine 


CH, 


x 


CH-CH(NH,)-CO,H 


CH,-“CHOH-CO,H 2 700 750 
CH,-CHOH -"CO,H 
| 1-MC] olucose of 50 15 


This distribution of isotopic tracer can be explained satisfactorily by 
a mechanism involving the initial condensation of two molecules of 
pyruvate, derived from lactate, to « acetolactate followed by migration 


of a methyl group: 


CH,-CO-CO,H CH,-C(OH)-CO,H 


CH,-CO-CO,H 
pyruvic 
CH, 
Me migration = P ; , ; P . ' : 
> C(OH)-CO-CO,H — CH-CO-CO,H —> valine 

CH, 

The widespread distribution of such a pathway of valine biosynthesis 
among micro-organisms is suggested by the similar results obtained 
recently with Aerobacter aerogenes (RAFELSON, 1955) and Saccharomyces 
cervisiae (McManus, 1954). 

In discussing this proposed mechanism, STRASSMAN ef al. (1955) 
drew attention to the possibility that such reactions, resembling the 
pinacol rearrangement of ditertiary glycols, 


R, R 


| 


R,-CO-C(OH)-R, — R,—C(OH)-CO-R, 


9 


may be of more general occurrence. Thus, p-hydroxyphenylpyruvic 
acid may be converted into homogentisic acid by oxidation and 
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rearrangement of the intermediate, which is a vinylog of an af 
hydroxyketone: 


Ho—¢ \—CH,-CO.CO,H —“% 0 OH 
eee CH,-CO CO,H 


hydroxyphenylpyruvie acid 


( 


HO 0 — HO OH 


CH,-CO-CO,H CH,-CO,H 
H : 2 2 2 
ho ( cla 
The biosynthesis of isoleucine by 7'orulopsis utilis also takes place by 
a similar mechanism, pyruvate (or acetaldehyde derived from pyruvate) 
condensing with « ketobutyrate, instead of with a second molecule of 
pyruvate (STRASSMAN et al., 1954): 


CH,-CH,-CO-CO,H CH,-CH,-C(OH)-CO,H 


Fe. 


x ketobutyrie acid — } CO 
CH,-CO-CO,H 
pyruvic acia 


O 4 


x 


- CH,-CH,-CH(CH,)-CO-CO,H — isoleucine 


The relationship of threonine to isoleucine biosynthesis has been 
clarified by isotope-competition experiments using Neurospora crassa 
(ADELBERG, 1955). The incorporation of radioactivity from |{1, 2-MC,] 
acetate into the carboxyl, x, y and 6 atoms of the isoleucine precursor 
was suppressed by the addition of unlabelled L-threonine. Moreover, 
|carboxy, x-“C,| threonine labelled the carboxyl and « carbon atoms of 
this precursor, indicating that threonine is converted into x ketobuty 
rate or a closely related 4-carbon compound. 

Cholesterol. An intramolecular migration of a methyl group also 
occurs in the biosynthesis of cholesterol. As discussed in an excellent 
review by CoRNForRTH (1954), acetate is first converted into a C; 
precursor, which may be a compound closely related to 6S dimethy! 
acrylic acid (BLocH, CLARKE and Harary, 1955): 


m 
CH, 
m Cc oO m c m Cc 
3 CH,-CO,H —+ CH,-C=CH-CO,H 
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This C,; precursor is converted into squalene, which then condenses 
to cholesterol. The conversion of squalene into cholesterol and its 
formation from acetate has been established by tracer experiments 
(LANGDON and Btiocu, 1953a,b; PopsAK, 1954) and the labelling 
pattern in squalene agrees with that predicted by the condensation of 
six C,; units, where m and c denote carbon atoms derived from the 
methyl and carboxyl groups of acetate, respectively (CORNFORTH and 
PopgAK, 1954): 


mn m m mn 
| | ] | 


| | 
-Mm —-C:'M —-C—M—C'M—C uC — — MC —M —C—-M:C—M—-—C—M 


| 
| 


According to the old squalene hypothesis (RoBrNson, 1934), the 
distribution of labelled atoms in cholesterol formed from squalene 
should be as follows, three methyl groups (@) being lost during the 
cyclization : 


Cholesterol 
Squalene 


In particular, Cy, C;, Cy and C,, should be derived from carboxyl 
varbon atoms of acetate, and C,, and C,, from methyl carbon atoms. 
Experiments to test this hypothesis showed, however, that both C; 
(Biocnu, 1958) and C,, (Woopwarp and Biocn, 1953) are derived from 
methyl carbon atoms of acetate. Woopwarp and Buiocn (1953) 
therefore suggested a different cyclization of squalene involving the 
migration of one methyl group (™) to give lanosterol, followed by 
conversion into cholesterol with loss of three methyl groups. (See 
illustration at top of next page.) 

This mechanism also accounts satisfactorily for the biosynthesis 
of lanosterol, which is not constituted in accordance with the 
isoprene rule. The mechanism of the methyl group migration is not 
known, but evidence for the metabolic pathway squalene -—> lano- 
sterol —> cholesterol has been reported recently (TCHEN and Btocu, 
1955). 
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Squalene Lanosterol 


HO 


Cholesterol 
Porphyrins. In the case of the porphyrins, the distribution of 
isotope in the pyrrole rings and methyne bridges (WITTENBERG and 
SHEMIN, 1950) suggests the intramolecular migration of a one-carbon 
fragment. Alternative mechanisms (BoGorAap and GRANICK, 1953: 
SHEMIN, RussELL and ABRAMSKY, 1955) could, however, equally well 
account for the experimental findings. 
2. Asymmetrical labelling in the biosynthesis of 

metabolic products 
Contrary to earlier views, it is now well established that the asym- 
metrical labelling of a metabolic product does not exclude the partici 


pation of symmetrical intermediates in its biosynthesis. As pointed 
out by Oesron (1948), a symmetrical compound may be metabolized 
like an asymmetrical one, provided that a three-point combination 
between substrate and enzyme occurs and reaction is only possible at 


Knzyme 
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one of the points. If, for example, all three carboxy! groups of citric 


acid have to be attached to points 1, 2 and 3 on the enzyme (Fig. 2), 
e So 


) 


there is only one possible arrangement and the carboxyl group marked 
with an asterisk is always at point 1. 

Citric acid. Direct proof that citric acid behaves metabolically like 
an unsymmetrical molecule was obtained by PorrerR and HEIDEL- 
Urrer, RupN 
Martius and ScHORRE (1950). Radioactive citric acid was synthesized 
by a rat-liver homogenate in the presence of “CO, and, after its iso- 
lation, the labelled citrate was converted into « ketoglutarate in a second 
liver homogenate (PorreR and HEIDELBERGER, 1949; LORBER ef al., 
1950). Only the « carboxyl carbon atom of « ketoglutarate was labelled, 
proving that citric acid was both synthesized and metabolized asym- 


BERGER (1949), LORBER, 


EY and CooKk (1950), and 


metrically (see Fig. 3), since symmetrical metabolism would give 


equal radioactivities in both carboxyl groups of x ketoglutarate. 


* 
HO,C:-CH,:C(OH)-CH,:CO,H <— 


*CO,H 
citrie acid 
* 


HO,C:CH—C-CH,+CO,H 


*CO,H 


cis-aconitic acid 
* 
HO,C-CH(OH):-CH-+CH,-CO,H 


*CO.H 
isocitric acid 


2} 


| CO 
* Y 
HO,C:-CO-CH,:-CH,-CO,H 


x ketoglutaric acid 


Fig. 


3. 


* 
HO,C-¢ O-¢ 


— CH,:-CO,H 


acetic acid 


‘H.-CO.H c CH,:CO-CO,H 
v é : pyruvic acid 


oxaloacetic acid 


* * 
HO,C+CH(OH):CH,:CO,H 


malic 


* b 
HO,C:CH 


ftumari¢ 


HO,C:CH, 


succinic 


Che citric acid 


acid 


CH-CO,H 


icid 


* 


-CH,:CO,H 


acid 


evele, 


Additional evidence was obtained by Witcox, H&IDELBERGER and 
Porrer (1950) with synthetic citric acid labelled with “C in only one 
of the primary carboxyl groups. The labelled citric acid was synthesized 
by condensing Na“CN with optically active #-carboxy-y-chloro-y- 
hydroxybutyric acid (1), followed by hydrolysis of the nitrile. Labelled 
citric acid prepared from the laevorotatory chlorocompound (1) 


CH,CI 


Na'CN 


CH,-MCN 


HO-C-CO,H ——> HO-C-CO,H 


CH,-CO,H 


(1) 


CH,-CO,H 
(11) 
192 


CH,-™CO,H 
—__—» HO-C-CO,H 


CH,-CO,H 


citric acid 
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was metabolized to « ketoglutarate labelled only in the y carboxyl 
‘arbon atom. Essentially similar results were obtained with deuterium- 
labelled citric acid (IV) (Martius and Scuorre, 1950), which was 
synthesized from both stereoisomers of oxalocitramalic acid lactone 
(IIT): 

CO,H CO,H CO,H 

OH 
C—CH,—CO-CO 


CH,-CO-CO,H 
ee all 


CH, 
CO,H CO,H CO,H 
(III i\ 


In this case, the labelled citric acid (LV) actually had a measurable 
rotation. The laevorotatory form was converted by pigeon breast muscle 
into « ketoglutarate having the same deuterium content as the starting 
material, but the dextrorotatory enantiomorph lost all the deuterium 
since this position becomes the keto group of « ketoglutarate. 

It is moreover possible to correlate the metabolic origin with the 
stereochemical structure of citric acid. If the formula (LV) is written 
according to the Fischer convention with the hydroxyl and tertiary 
carboxyl groups behind the plane of the paper, the form derived from 
the laevorotatory lactone (III) contains deuterium in the left-hand 
CH, group (V): 

OH 


HO,C-CD,-C-CH,-CO,H 


CO,H 
\ 


It is this form which is converted into x ketoglutarate labelled with 
deuterium, and since it is known from other isotope experiments that 


the C, precursor (‘‘active’’ acetate) is recovered in x ketoglutarate, the 
right-hand—CH,-CO,H group must be derived from oxaloacetate and 
the left-hand one from the C, unit condensing with it. 

The type of compound which can behave asymmetrically in enzymic 


reactions or, more generally, with asymmetric reagents, has been 
defined by RacusEeN and ARonorr (1951), who suggested that diseri- 
mination between identical groups is possible only in the case of mole- 
cules which do not possess two or more axes of symmetry. SCHWARTZ 
and CARTER (1954) have pointed out, however, that any “‘meso carbon 
atom,” i.e. a carbon atom carrying two identical (a,a) and two different 
(b,d) substituents (Fig. 4, I) would be expected to yield unequal 
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amounts of diastereoisomers by reacting with an appropriate asym- 
metric reagent. This definition includes a compound containing two 
identical meso carbon atoms and thus two axes of symmetry (Fig. 4, II). 
a a 
| 


Fig. 4. 


Glycerol. Like citric acid, glycerol is metabolized asymmetrically. 
Biosynthetic [1-“C] glycerol, obtained either from the milk fat of a goat 
which had been injected with [1-"C] acetate (ScHAMBYE, Woop and 
PopsAk, 1954) or by fermentation of [3:4-"C,] glucose by yeast (Swick 
and Nakao, 1954), was metabolized by rats to glucose in which 90 per 
cent of the total radioactivity was located in carbon atoms 3 and 4. 
Chemically synthesized [1-“C] glycerol, on the other hand, was con- 
verted into glucose labelled equally in C,, C3, C, and C, (DoERScHUK, 
1952), or into lactate labelled in C,,) and C,,) (TENG e¢ al., 1953). The 
latter findings are not surprising since the chemical reactions used in 
this synthesis would give rise to glycerol labelled equally in both 
-CH,OH groups. 

The fermentation of [3:4-"C,] glucose by Saccharomyces chevalieri 


gives L-a«-glycerophosphate containing 83 per cent of the total radio- 
activity at Cy, i.e. the unphosphorylated primary carbinol carbon atom 
(BuBLitz and KENNEDY, 1954) and biosynthetic glycerol, arising by 
the reaction sequence glucose — hexose |: 6-diphosphate — dihydroxy- 


acetone 1-phosphate —> L-x-glycerophosphate —> glycerol, would there- 
fore be labelled almost entirely in only one of two -CH,OH groups. 
Reversal of this pathway accounts satisfactorily for the asymmetric 
metabolism of glycerol, since the phosphorylation of glycerol is stereo- 
chemically specific, giving only L-«-glycerophosphate (KALCKAR, 1939). 

Serine. Serine labelled with C in the carboxyl carbon atom and 
with °N is metabolized to glycine which contains both isotopes in the 
same ratio as the precursor (SHEMIN, 1946). This observation was 
believed to exclude aminomalonic acid (pathway B) as an intermediate 


B 





HO-CH,-CH-#CO,H ,  CH,-CO,H HO,C-CH-8CO,H 
| cH, | yor | 
1bNH, t NH, NH, 


serine glycine aminomalonic acid 
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in this reaction. OgsTon (1948) pointed out, however, that the 
unchanged isotope ratio could also be explained if aminomalonic acid, 
like citric acid, could give rise to an unsymmetrical enzyme-substrate 
complex in which only one of the two carboxyl groups, i.e. that 
derived from the hydroxymethyl group of serine, might be lost as CO,. 
As a result of further work, however, it is now clear that in the serine- 
glycine reaction the hydroxymethyl group of serine is converted into a 
derivative of formaldehyde (ELWyn, Wetsspacu, HENRY and SpPRIN- 
son, 1955) and pteroylglutamic acid (BLAKLEY, 1954) (pathway A), 
and aminomalonie acid is therefore not an intermediate. 


3. Studies of reaction mechanisms by mass analysis of product 
In two cases, analysis of the mass of a metabolic product synthesized 
from a precursor containing a high concentration of ®C has been used 
to study the biosynthetic mechanism. 

The observation that acetate synthesized from glucose by Chlostri- 
dium thermoaceticum is labelled in both the methyl and carboxyl 
carbon atoms when CO, is present during the fermentation suggested 
the following reactions (BARKER and Kamen, 1945): 


C,H,.0, + 2H,O — 2CH;-CO,H + 8 H +2 C0,| 


126 


2400, + 8H — MCH,-"CO,H + 2H,O 


Chemical degradation cannot distinguish, however, between doubly- 
labelled acetate, *CH,-*CO,H, and a mixture of singly-labelled 
acetates, *CH,-CO,H + CH,-*CO,H. Moreover, “C is available only 
in relatively low isotope concentration, and the condensation of two 
molecules of labelled CO, (i.e. “CO, -— large excess *CO,) would there- 
fore give mainly CH, -'*CO,H together with a mixture of "CH’-"CO,H 

2CH,-4CO,H + only afew doubly labelled molecules, “CH?-“CO,H. 
Both difficulties were overcome by using a high concentration of 
13CQ, as tracer and determining the absolute mass of the biosynthetic 
acetic acid (Woop, 1952). The acetic acid was converted into ethylene, 
the relative abundance of H,!C:CH, (mass 30), H,C:!*CH, (mass 29) 
and H,!*C:!#CH, (mass 28) being measured directly in a mass spectro- 
meter. All three types of molecules were present in amounts corres- 
ponding to 30 per cent #?CH,-%CO,H, 30 per cent *CH,-CO,H and 
40 per cent *CH,-'CO,H. It is, however, not necessary to assume the 
direct condensation of two molecules of CO, to form CH,-CO,H, 
since the above results can also be explained by the reaction of a labelled 
C, compound with a singly labelled C, unit, followed by loss of the 
unlabelled carbon atom, viz. 


13(1 L 134, 12¢ ». 180). 18Cs , 186 _, 180). 1861 12(% 
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Direct mass analysis has been used with more conclusive results to 
distinguish between the biosynthesis of succinate by the direct conden- 
sation of two molecules of acetate (Thunberg condensation) and its 
biosynthesis by the tricarboxylic acid cycle (see Fig. 3). These 
mechanisms would convert ®CH,-CO,H into HO,C-CH,-"CH,-CO,H 
and HO,C-#CH,-"CH,-CO,H, respectively. Mass analysis of the 
ethylene obtained from the « and f carbon atoms of succinate showed 
that none of the succinate molecules were doubly labelled, thus 
excluding the direct (Thunberg) condensation (Swim and KRAMPITZ, 
1954b). 


4. Multiple labelling with two or more isotopes 

The utilization of a particular compound as such or of a specific part of 
it as a precursor without prior extensive chemical modification can 
often be demonstrated conveniently by labelling with two or more 
isotopes. The incorporation of both, or all, isotopes into the metabolic 
product without alteration in their relative proportion then indicates 
the retention of chemical bonds between the labelled positions of the 
precursor. A change in the isotope ratio on the other hand shows 
that degradation of the precursor into smaller fragments must have 
occurred. 

Early applications of double labelling include studies of the conver- 
sion of methionine, labelled with *“S and C, into cystine (pu ViG- 
NEAUD, KILMER, RACHELE and Coun, 1944), transmethylation reactions 
of the methyl group of methionine containing “C and deuterium 
(KELLER, RACHELE and pu VIGNEAUD, 1949), the conversion of serine 
into glycine (SHEMIN, 1946), the acetylation of foreign amines (BLOCH 
and RirrenBERG, 1945), and the biosynthesis of porphyrins (WITTEN- 
BERG and SHEMIN, 1950; Murr and NEUBERGER, 1950). More recently, 
the biosynthesis of penicillin has been investigated with cystine 
labelled with @C, S and »N (ARNSTEIN and GRANT, 1954b). Both the 
position of the isotope in the penicillin molecule and the identical 
ratios of the three isotopes in the labelled precursor, in penicillin and in 
cystine isolated from the mycelial protein, indicated the direct con- 
version of cysteine into penicillin, as follows: 


H.YN-CH-4CH,®SH — C,H,-CH,-COMNH-CH—¥CH C 


) 


CH, 


0 


CO,H CO — N—CH.CO,H 


cysteine benzy!lpenicillin 
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The possibility that phenylacetyleysteine might be an intermediate 
in the synthesis of benzylpenicillin was tested with diphenylacetyl- 
cystine (I) labelled with #C and *S. 


(C,H, -CH,-“CONH-CH-CH,*S], 


CO,H 
(1) 


In this case, however, extensive breakdown and resynthesis of the 
labelled precursor, as shown by a change in the @C:*S ratio (7-3 at the 
beginning and 0-81 at the end of the penicillin-producing fermentation), 
did not permit an unequivocal interpretation of the experimental 
results (ARNSTEIN, CLUBB and GRANT, 1954). 


5. Isotope effe cts and the inte rpre tation of tracer expe rements 


Since isotopes differ in mass and zero-point energy, quantitative 


comparisons of the utilization of different isotopes for metabolic 
I 


reactions are always subject to possible errors due to differences in 
reaction rates. In all chemical reactions which have been investigated 
so far, molecules containing a heavy isotope have been found to react 
more slowly, as shown by some recent examples given in Table 7. 
Differences in reaction rates between MC, ®C and ”C are usually about 
5-10 per cent, whilst those between ©N and N are smaller. On the 
other hand much larger isotope effects have been observed with the 
isotopes of hydrogen. (For recent reviews see Ropr, 1952: YANKWICH, 
1953 and Erprnorr, 1953.) 

The effect of isotopes on biological processes has been of interest 
ever since the discovery of deuterium. At first mainly the gross physio- 
logical effects of heavy water were studied (SCHOENHEIMER and Rirren- 
BERG, 1940), but in a few experiments the rates of reactions involving 

H and C—D bonds were determined. Thus, the rate of dehydro- 
genation of normal succinic acid by succinic dehydrogenase was 30 per 
cent faster than that of succinic acid containing one atom of deuterium 
in each of the methylene groups (ERLENMEYER, SCHOENAUER and 
SULLMAN, 1936), whilst the difference in reaction rates of normal and 
tetradeuterio-succinic acid was as high as 80 per cent (SONDERHOFF 
and THomas, 1937). More recently, detailed kinetic studies of the 
dehydrogenation of deuterium-labelled succinic acid confirmed that 
normal succinate is oxidized faster, and showed that the affinity of the 
dehydrogenase for the unlabelled compound was about 1-45 times that 
for succinic acid containing 77 atom per cent D in the methylene 
groups (THORN, 1951). Similar differences have been observed in 
several other processes. When Chlorella pyrenoidosa was grown in 
labelled water, tritium and deuterium were incorporated into the cells 
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at 50 per cent and 55 per cent of the rate of hydrogen, respectively 
(WEINBERGER and PortTeR, 1954). The incorporation of tritium 
relative to deuterium from heavy water into the fatty acids of mammary 
gland and liver fat is about 0-775 and 0-87, respectively (GLASCOCK and 
DuNncoMBE, 1954), but less fractionation of hydrogen isotopes was 
observed in liver glycogen (Erprnorr ef al., 1953). Considerably 
smaller differences than the above for the relative incorporation of 
deuterium and tritium into fat have also been reported (THOMPSON and 
BaLLou, 1954), possibly due to the longer experimental period used. 
Giascock and DuncomBe (1954) have suggested that, in the 
synthesis of a metabolite by reversible reactions, isotope fractionation 
will be observed only under conditions of net synthesis but not under 
steady-state conditions. It should be emphasized that these considera- 
tions apply only to a metabolic product which is degraded by reversal 
of the reactions by which it is synthesized, as is the case with fatty 
acids (LyNEN and OcHoa, 1953). When synthesis and breakdown take 
place by different reactions, biological fractionation of isotopes may 


occur also in the absence of net synthesis. 

Quantitatively important fractionation occurs mainly with the 
isotopes of hydrogen, since differences in their mass are much larger 
than those of the isotopes of carbon, nitrogen, oxygen and the heavier 
elements. Recent work suggests, however, that in some cases differences 
in the utilization of “C and *C may approach those of the hydrogen 
isotopes, possibly due to cumulative isotope effects in a series of 


reactions. Thus, “CO, and CO, are used by photosynthesizing 
Chlorella cells or barley leaves approximately 15 per cent and 4 per cent, 
respectively, more slowly than CO, (van NorMAN and Brown, 1952; 
WEIGL and Carvin, 1949). 

Methyl group biosynthesis. Fractionation of hydrogen isotopes is 
particularly important when double labelling is used to study reactions 
involving oxidation-reduction mechanisms. As an example, the conver- 
sion of methanol and related compounds into methyl groups, which has 
recently been studied by pu ViaNEAvD and his collaborators, will be 
discussed in some detail. Methanol, formaldehyde and formate, 
labelled with C, had all been shown to serve as precursors of the methyl 
group of choline (pu Vianeaup ef al., 1951) and it was of interest, 
therefore, to distinguish between the following possible alternative 
pathways A, B and C: 

CBO8 = C50 —...* HCOR 
“A | B Cyn 


| ‘ 
ee 


(CH,),NCH, -CH,OH 
choline 
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In the conversion of a mixture of “"CH,OH and CD,OH into the 
methyl group of choline, only about 25-30 per cent of the deuterium 
accompanied the isotopic carbon, indicating that not all of the methanol 
was used directly (pathway A). A comparison of the utilization of 
CH,TOH + “CH,OH and CD,0OH + “CH,OH showed, however, that 
the loss of deuterium relative to that of labelled carbon was about 
three times that of tritium: i.e. approximately 75 per cent of the tritium 
was retained (VERLY ef al., 1952). In more strictly comparable experi- 
ments with labelled methanol consisting of a mixture of CH,DOH 
(instead of CD,0H), CH,TOH and “CH,OH, the retention of tritium 
relative to deuterium was much reduced, the methyl groups of choline 
and creatine containing about 1-3 times more tritium relative to MC 
than deuterium (RACHELLE, KuCHINSKAS, KNOLL and Erprnorr, 1954). 
The isotope content of formate in this experiment showed that in the 
oxidation of methanol to formate 1-7 times more deuterium is lost than 
tritium. These results are summarized in Table 8, where Fy and F, 


TABLE 8 


/ sotope Effects in the Utilization of Labelled Methanol for Methyl Group and 

Formate Biosynthesis. Fy and Fp are factors giving the retention of Tritium and 

Deuterium, respectively, relative to 4C (Ver ty et al., 1952; RAcCHELE et al., 

1954). Fy,* is the Retention Factor for Isotopic Hydrogen which has been 
corrected for lsotope Effects (see teat). 


Relative utilization of hydrogen 
SOUL es 
Precursor isot ppes 


Ve taholic nroduct 
injected f 


(O-75 
MCH,OH| Choline methyl group 11-02 
CD,OH | Cr seryen {0-69 
CH.TOH| reatine methyi group 10-86 


(O-S04 640 


die 
Choline methyl group 10-875 0-690 


J 
CH,DOH\ = Creatine methyl group 0-581 0-439 
CH,TOH| Formy! group of formate 1-98 1-16 


MCH,OH 


give the retention of tritium and deuterium, respectively, relative to 
isotopic carbon. These factors are obtained by dividing the isotope 
ratio T/@C or D/C of the methyl group of the product by that of the 
methanol. The ratio F,//,, then indicates the preferential utilization 
of tritium relative to deuterium. These differences can be explained by 
the preferential rupture of C—H bonds during the oxidation of methanol, 
which results in the formation of intermediates enriched in deuterium 
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or tritium when CH,TOH or CH,DOH are used. As expected from the 
usual isotope effect, C—H, C—D, and C—T bonds react at decreasing 
ratesin agreement with both chemicaland biochemicalexperiments. Thus, 
the oxidation of deuterium-labelled benzaldehyde (C,H;-CDO) (Wr- 
BERG, 1954) and acetaldehyde (CH,-CDO) (CorNrortTH and PopJAK, 
1949) is slower than that of the unlabelled compounds, and the in vivo 
oxidation of the methyl group of methionine labelled with deuterium 
and MC (i.e. 4CD,-S-CH,-CH,-CH(NH,)-CO,H) is only 60-80 per cent 
as fast as the oxidation of that containing only hydrogen and 
MC(MCH,-S-CH,-CH,-CH(NH,)-CO,H) (RacHELE, KUCHINSKas, 
KRATZER and DU VIGNEAUD, 1955). On the other hand, the oxidation of 
CD,OH does not give rise to intermediates of enriched isotope content, 
but with a mixture of CD,0H and “CH,OH preferential reaction of the 
latter would still occur, resulting in a relatively lower incorporation of 
deuterium into oxidation products. This is shown by the lower 
incorporation of deuterium relative to “C(/'p)) from a mixture of 
CD,0OH + “CH,OH compared with that from CH,DOH -+- “CH,OH 
(experiments A and B, Table 8). 

The interpretation of these experiments is thus complicated by the 
magnitude of the observed isotope effects. As has been pointed out 
(RACHELE et al., 1955), possible ambiguities due to isotope effects may 
be minimized by ‘intramolecular’ double labelling. Relatively high 
isotope concentrations are essential for such experiments, and the only 
suitable isotopes are, therefore, deuterium and ‘°C. In the example 
discussed here, the metabolism of labelled methanol in which deuterium 
is attached only to isotopic carbon, i.e. *CD,0H, should indicate more 
conclusively the oxidation level of intermediates. Alternatively, the 
experimental results obtained with methanol labelled identically with 
either deuterium or tritium (i.e. CH,DOH and CH,TOH) may be 
corrected for isotope effects, on the assumption that differences in 
reaction rates are due solely to differences in the zero-point vibration 
energy of C—H, C—D and C—T bonds. On this basis, the rate con- 
stants of reactions involving C—H bonds are approximately 6-3 and 
16-3 times those involving C—D and C—T bonds, respectively 
(Erprnorr, 1953). In this way, corrected retention factors for isotopic 
hydrogen slative to carbon have been calculated (/’,*, Table 8). It 
will be seen that this correction is at best only approximate, since in 
the case of formate F;,* should be 1. The results suggest, however, 
that in the conversion of methanol to choline methyl groups oxidation 
to the level of formaldehyde takes place prior to reduction (pathway 
B, p. 199). The better retention of isotopic hydrogen during the biosyn- 
thesis of choline methyl] groups compared with that of creatine is also of 
interest as indicative of a different reaction mechanism. 

Similar isotope effects occur in the metabolic reactions of several 
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TABLE 9 


Isotope Effects in Metabolic Reactions of Serine and Formate. The Utilization of 

Deuterium Relative to Carbon is given by the Retention Factor Fy. Complete 

Retention of Deuterium would give Fy 1. Calculated Average Values are 
Indicated by an Asterisk 


Labelled compound used Vetabolic product I References 
/ } D j 


ELwyn,WEIss- 
BACH, and 
SPRINSON 
4CH,OH-CH(NH,)-CO,H) : (1951); Ex- 
CD,OH-CH(NH,)- C ),H | Methy! groups of choline were. Wine. 
BACH, HENRY, 
and SPRINSON 





a 1955) 


Methyl group of thymine 
4W(CH,OH-CH(NH,)-CO,H | C, C, of RNA adenine . 
CD,OH-CH(NH,)-CO,H C, C, of DNA adenine ‘317 ELWYN and 


8 


C,. of DNA + RNA guanine “§ SPRINSON 


8 


Methyl group of thymine (1954b) 


ren 8 C, + Cy, of RNA adenine 

H#CO,Na C, + Cy, of DNA adenine 

igwrerge Ra- 
DCO.Na > CHELE, and pt 
HY 10,Na Methy!] group of choline VIGNEAUD 


(1952) 


other precursors of methyl groups and related compounds (Table 9). 
In the conversion of the hydroxymethyl group of serine into choline 
methyl groups, formate is excluded as an intermediate by the retention 
of 93 per cent of the original deuterium. The small isotope effect in this 
reaction, as well as in the conversion of formate into methyl groups, 
may be due to the absence of reactions involving the labelled C—H 
bonds in these metabolic pathways. Only 78 per cent of the original 
deuterium was retained in the conversion of deuterium into the methy! 
group of thymine, indicating either an unusually large isotope effect or 
oxidation of some of the labelled precursor to the level of formate. 
On the other hand, the incorporation of deuterium into C, and C, 
of the purine molecule is much too low to be due to an isotope effect, 
and indicates the transitory formation of an intermediate in which the 
sxarbon-bound deuterium has become exchangeable. 

Transmethylation. In view of the large isotope effects which may be 
observed in reactions involving isotopic hydrogen, it seems important 
to reconsider the present evidence indicating that the biosynthesis of 
choline involves the transfer of three intact methyl groups from 


methionine. In the early work (pU VIGNEAUD et al., 1941) methionine 
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containing approximately 85 atom per cent excess deuterium in the 
methyl group was fed to rats over prolonged periods, and the deuterium 
content of the choline methyl groups was determined at various times, 
the limiting value being about 78 atom per cent excess. Although 
these results were believed to show the intact transfer of almost three 
CH, groups per choline molecule, an alternative explanation now seems 
possible. It may be deduced from the method of synthesis that the 
labelled methionine contained mainly CD,- and CD,H-methyl groups. 
Oxidation of such a mixture of labelled methyl groups to formaldehyde 
would result in the enrichment of deuterium in the product, since C—H 
bonds are ruptured more easily. Moreover, CD,-labelled methionine 
would be preferentially retained, so that the combined effect would be 
the formation of CD,-labelled methionine and CD,O containing a 
higher isotope concentration than the fed labelled methionine, the 
maximum possible concentration being about 100 atom per cent excess 
D. If two of the choline methyl groups were formed from formaldehyde 
by a reductive methylation and the third by transmethylation, the 
maximum possible deuterium concentration in a choline methyl group 
would be 7/9 x 100 = 78 atom per cent excess D, which is very similar 
to the observed value. 

The intact transfer of methyl groups has also been deduced from 
the fact that L-methionine labelled with both "C and deuterium gives 
rise to choline and creatine methyl groups having the same “C:D 
isotope ratio as the precursor (KELLER, RACHELE and Du VIGNEAUD, 
1949). Since CD,-labelled methionine would, however, be oxidized 
more slowly than the “"CH,-compound (RACHELE ef al., 1955), one might 
have expected a preferential utilization of the former for transmethyla- 
tion and hence an increased D:4C ratio in the product. The constant 
D:™"C ratio may thus be the result of compensating reactions. This 
possibility could be eliminated only by experiments with methionine 
labelled intramolecularly in the methyl group e.g. 8CD, (RACHELE 
et al., 1955). 

That the mechanism of biosynthesis of the three choline methyl! 


groups may not be identical is suggested by recent work with folic- 
acid-deficient rats, which were unable to synthesize choline from 
aminoethanol and methionine, although transmethylation from 


methionine to dimethylaminoethanol was not impaired (STEKOL, 
Weiss and AnpgeRSON, 1955). At present, therefore, the possibility 
remains that one or two of the choline methyl groups are synthesized 
other than by transmethylation. 

Note added in proof. The transfer of the intact methyl group of 
methionine to choline and creatine has now been demonstrated con- 
clusively in elegant experiments with intramolecularly labelled “CD, 
— methionine (pU VIGNEAUD, RACHELE and WuirtkE, 1956). 
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QUANTITATIVE CONSIDERATIONS 
1. Isotope-dilution technique 
The principle of this method which is of application to a wide variety 
of problems may be stated as follows. When a labelled compound 
(mass 7 and isotope concentration x) is diluted by mixing with a mass 
M’ of its nonisotopic counterpart, the isotope concentration y of the 
M 

A 
M+M 
and M is known, it is possible to use this equation to calculate an 
unknown mass J/’ of the unlabelled sample originally present, i.e. 


resulting mixture will be | Since x and y can be measured 


Y ee ou ; 4 
). Similarly if the mass of the labelled compound is 


y M'y 


unknown, then JJ/ and this has been termed inverse isotope 


x y 
dilution. A discussion on the general theory and precision of these 
techniques is given by RirrENBERG and Foster (1940), Raprn (1947) 
and Gest, KAMEN and Rerver (1947). The advantage of the method 
is that once the labelled compound and its non-isotopic compound have 
been thoroughly mixed, quantitative isolation is not necessary so that 
rigorous but wasteful purification procedures can be used to isolate a 
small representative sample for measurement of the isotope concentra- 
tion y. The absolute isotopic purity of the latter sample is essential, 
although this is not always easy to accomplish (see Keston, UpEN- 
FRIEND and CANNAN, 1949). 

In its simplest form, the isotope-dilution technique may be illustrated 
in the determination of the equilibrium constant of the chymotrypsin- 
catalysed hydrolysis of benzoyl-L-tyrosylglycinamide (1). 


CH,-C,H,OH 


C,H,-CO-NH-CH-CO,H + ™NH,-CH,-CONH, 


CH, -C,H,OH 


C,H,-CO-NH-CH-COMNH -CH,-CONH, + H,O 


(1) 


Known amounts of benzoyl-L-tyrosine and [}°N] glycinamide were 
incubated with the enzyme solution, the reaction was stopped, a known 
amount of nonisotopic (I) was added, and a pure representative 
sample was isolated. The isotope concentration in this latter sample 
completes the data required to calculate the amount of (I) present at 
the end of the reaction. Thus, the molar amounts of reactants and 
products present under equilibrium conditions are known so that the 
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equilibrium constant may be calculated (FRuTON, JOHNSTON and 
Friep, 1951). Apart from its use as an analytical procedure, such as 
the micro-estimation of histamine (ScHAYER, KOBAYASHI and SMILEY, 
1955): amino acids (KEsTON and LospaLLuTo, 1951; BARKER, HUGHES 
and Youne, 1952) and pyrimidines (Fresco and WARNER, 1955), the 
principle of isotope dilution has also been applied to the quantitative 
estimation of metabolic reaction rates which is discussed below. 


2. Determination of the rates of metabolic reactions 


2. 1. Metabolic pools and turnover rates 

The concept of metabolic pools is implicit in the view of the living cell 
as a system in dynamic equilibrium which was elaborated by SCHOEN- 
HEIMER, RATNER and RITTENBERG (1939) as a result of their funda- 
mental tracer experiments on protein metabolism. According to this 
view, which is now generally accepted, most tissue constituents are 
continuously degraded and resynthesized. The metabolic pool of an 
animal, organ, or tissue has been defined as that mixture of compounds 
derived from the diet and from the breakdown of tissues which is 
utilized for the continuous synthesis of tissue constituents (SPRINSON 
and RitTENBERG, 1949). The metabolic pool is further subdivided into 
pools of individual compounds such as glucose (FELLER, STRISOWER 
and CHAIKOFF, 1950), or groups of related substances, as for example 
compounds of the nitrogen pool used for protein synthesis (NPRINSON 
and RITTENBERG, 1949). The term “‘pool”’ has also been used to indicate 
the amount of a given substance synthesized or metabolized in unit 
time (ANKER, 1948). It seems desirable, however, to restrict the use 
of the term ‘“‘pool”’ to the definition given previously. 

The quantitative estimation of metabolic pools is usually carried 
out under “‘steady-state’’ conditions where the rate of biosynthesis of 
the metabolite being studied equals the rate of its breakdown, and 
the size of the metabolic pool remains constant. By determining the 
isotope concentration in the metabolite at various time intervals 
following the administration of a known tracer dose, it is possible to 
calculate the pool size and its turnover rate. Thus the extrapolation 
of the isotope concentration—time curve to zero time gives the dilution 
of administered isotope which would have been observed if the labelled 
compound had mixed instantaneously and completely with the meta- 
bolic pool. The size of the pool is then obtained by multiplying the 
amount of labelled compound given by this dilution factor, whilst its 
turnover is measured by the rate of decrease in the isotope concentra- 
tion with time. 

Usually it is not possible to correlate the metabolic pool of a substance 
with an identifiable compound in the body. Thus, the glucose pool in 
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the rat considerably exceeds the amount of free glucose (FELLER, 
STRISOWER and CHAIKOFF, 1950), probably because some of the 
glycogen is in a state of very rapid equilibrium with free glucose. 
Similarly, the uric acid pool of patients suffering from gout is larger 
than can be accounted for by free uric acid, and includes a portion of 
the solid-phase urates (BENEDICT, FoRSHAM and STETTEN, 1949). The 
effective metabolic pool of a substance metabolized by a particular 
reaction may, however, be considerably less than the total amount 


present in the body, owing to permeability barriers. Thus, the exchange 
of plasma and liver glycine is fast while the exchange of plasma and 
muscle glycine is slow (HENRIQUES, HENRIQUES and NEUBERGER, 
1955). It is not surprising, therefore, the the glycine pool immediately 
available for conjugation with small doses of benzoate corresponds 
approximately to the free glycine present in liver, kidney and intestine 


(ARNSTEIN and NEUBERGER, 1951), since hippuric-acid synthesis in 
most species take place in the liver and kidney. 

There has been considerable discussion recently about the definition 
of ‘turnover,’ which at present is being used with two different 
meanings. As originally defined by Zrmversmirt, ENTENMAN and 
FISHLER (1943), the turnover rate of a substance in a tissue is the 
amount of that substance which is replaced in the tissue in unit time, 
while the turnover time is the time required for the renewal of an 
amount of substance equal to that present in the tissue, i.e. equal to 
the metabolic pool. It has been pointed out by KLErBER (1955) that 
turnover rate is frequently used to describe that fraction of the meta 
bolic pool which is renewed in unit time, i.e. the reciprocal of turnover 
time, which is thus equal to the turnover rate as defined by ZILVERSMIT 
et al. (1943) divided by the pool size. Mawson (1955) favours this new 
definition of turnover rate and suggests that the original one be now 
termed flux rate. It should be noted, however, that the rate of transfer 
of a labelled compound across a membrane may bear no direct relation- 
ship to the absolute flux through the membrane (EDWaRDs and 
Harris, 1955): and the introduction of a new term, such as flux rate, 
can only add to the confusion. It seems preferable to adopt the termi- 
nology of Zitversmir (1955) in which turnover rate remains as 
originally defined and the rate at which the metabolic pool is renewed 
(the Kleiber definition) is termed the fractional turnover rate. 


ms me 


2. 2. The interpretation of isotope dilution under conditions of continuous 
feeding 

The endogenous synthesis of a compound may be estimated from the 

dilution of isotope concentration which occurs when a known amount 

of the labelled compound is fed as a component of the diet over a 

definite period of time. It is sometimes possible, and more convenient, 
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to isolate the compound itself or a suitable derivative from the urine 
rather than directly from the body tissues. This is a particularly useful 
procedure since the intracellular concentrations of many metabolic 
intermediates are extremely low. The endogenous rate of acetate 
formation has been calculated in this way from the isotope content of 
urinary acetyl derivatives which are excreted when labelled acetate is 
fed simultaneously with foreign amines. The production of acetic acid 
by the rat was found to be approximately 15-20 mmoles per day per 
100g body weight (BLocH and Rirrensere, 1945). Since these 
foreign amines are acetylated also by pyruvate (ANKER, 1948; 1950) 
the above isotope experiments really measure the combined acetate 
and pyruvate pools. The size of these pools is, however, smaller than 
would be expected from the catabolism of dietary carbohydrate and 
fat, which may therefore not be in complete equilibrium with dietary 
acetate. Indeed, from the results of long-term feeding experiments 
(see below) with labelled alanine (ARNSTEIN and Srankovié, 1956: 
ARNSTEIN and KEGLEvIC, 1956) it may be calculated that the pyruvic 
acid pool amounts to about 38 mmoles per day per 100 g body weight. 

Instead of measuring the isotope concentration in derivatives of 
metabolites which are excreted in the urine, it is often possible to 
obtain representative samples of a compound from tissue constituents 
such as protein. In this case, however, it is necessary to ensure that 
the feeding period is long relative to the turnover time of the tissue 
component used to “‘trap”’ the metabolite. The rates of biosynthesis 
of serine and glycine have been investigated by this technique, which 
involved the feeding of diets containing known amounts of C-labelled 
glycine and serine to rats over periods extending up to 39 days, and 
estimating the isotope concentration of glycine and serine isolated from 
the visceral proteins, which have a relatively fast turnover. The rate 
of glycine formation was 2-5 mmoles per day per 100 g body weight, 
whereas that of serine was 3-5 mmoles, indicating that glycine may be 
derived largely from serine (ARNSTEIN and NEUBERGER, 1953b). It is 
noteworthy that the dilution of isotope observed in urinary hippuric 
acid following the injection of “C-labelled glycine and benzoic acid into 
rats (SHEMIN, 1946) corresponds to only about 1 mmole per day per 
100 g body weight. This lower estimate is probably due to the fast 
conjugation of glycine with benzoic acid, resulting in incomplete 
mixing of the injected labelled glycine with the body pool of glycine. 
Long-term feeding experiments have also shown that the rate of glycine 
formation was markedly reduced in folic-acid-deficient animals, but 
that other vitamin deficiencies (vitamin B,, or ascorbic acid) had no 
effect (ARNSTEIN and STANKOVIC, 1956). 

One interesting observation which emerges from these long term 
feeding experiments is the constancy of the rate of glycine biosynthesis, 
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which is independent of the level of glycine in the diet (ARNSTEIN and 
NEUBERGER, 1953b). It thus appears that the constant levels of 
glycine and probably also other biosynthetic products are maintained 
mainly by regulation of the rate of disposal rather than by regulation 
of the rate of formation. 


3. Precursor-product relationships in the whole animal 
ZILVERSMIT, ENTENMAN and FIsScHLER (1943) have presented the 
mathematical basis of the relationship, under steady-state conditions, 
between the specific activity of a precursor and its product over a 
short period of time subsequent to a single injection of the labelled 
compound into the animal. The specific activity—time curves of 
precursor and product may be used to calculate turnover times and 
rates. In addition, the relationship between these experimentally 
determined curves can be compared with that predicted by theory, 
and in this way it is possible to identify the precursor of a compound 
from a number of suspected ones. For example, after injection of 
32PQ,-—~ into rats, the only part of the acid-soluble phosphorus fraction 
which fulfilled the mathematical criteria for an immediate phosphorus 
precursor of lecithin and kephalin was the ethanol-precipitable phos- 
phorus. This latter fraction was identified as being mainly « and / 
glycerophosphates (PorpsAk and Murr, 1950). A similar conclusion 
was reached by ZILVERSMIT, ENTENMAN and CHAIKOFF (1948), using 
dogs as experimental animals. The specific activity—time curves for 
lactose and glyceride-glycerol in milk indicate that glucose (from 
which lactose is formed rapidly) is the carbohydrate precursor of 
glycerol in the mammary gland (PopsAk, GLAscock and FOLLEy, 
1952). This procedure, however, while yielding some quantitative 
information on precursor-product relationships, provides no information 
as to whether the labelled compound is the only precursor. 

In certain cases the quantitative significance of a precursor may be 
estimated by feeding the labelled precursor to the animal over a 
relatively long period until the isotope concentration in the metabolic 
products is at a maximum with respect to the labelled compound fed. 
For example, if the synthesis of a product B, which is omitted from the 
diet, takes place exclusively from a precursor A, the specific activity 
of B will then be identical with that of A even although the conversion 
involves a series of intermediates, X, Y and Z. 


endogenous synthesis — A 
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Neither the formation of other products C and D, nor dilution of 
labelled A by endogenous synthesis, will affect the interpretation of 
the experiment if the specific activity of B is compared with that of 
A isolated from the same tissue or compound, e.g. two amino acids 
isolated from the same protein sample. On the other hand, biosynthesis 
of B from an alternative precursor P will result in dilution of the 
specific activity of B and cause a reduction in the ratio of specific 
activities b:A. The efficiency of glycine and serine as C-1 precursors 
in the de novo synthesis of methyl groups has been compared by this 
method (ARNSTEIN and NEUBERGER, 1953a). When a methionine- and 
choline-free diet containing L-[f-'C]-serine was fed to rats over a 
period of 20-39 days, the radioactivity of the methy] carbon of methio- 
nine was about 70 per cent of that of the # carbon of serine isolated 
from the same tissue protein sample. In contrast, an equimolar 
amount of [«-“C]glycine under similar conditions was found to be a 
much less efficient methyl group precursor, and it was concluded that 
serine is a major precursor of newly-synthesized methyl groups. In a 
similar manner, the quantitative importance of the methyl group 
of methionine for choline and creatine biosynthesis by transmethyla- 
tion had been previously shown by the feeding of deuterium- 
labelled methionine over a period of 14 weeks (pu VIGNEAUD ¢éf al., 
1941). 


ALTERNATIVE METABOLIC PATHWAYS 
When a compound can be metabolized by more than one pathway the 
quantitative contribution of such alternative pathways has to be 
assessed. Glucose, for example, serves not only as a major source of 
energy, but also as a direct precursor of several C, compounds such as 
glucosamine (Torrer and Lipton, 1953; Roseman, Moses, LUDOWIEG 
and DorrmMan, 1953), glucuronic acid (DovuaLas and Kine, 1953; 
EISENBERG, 1955) and galactose (DimantT, SmirH and Larpy, 1953). 
Moreover, different mechanisms of glucose catabolism have been 
demonstrated in various species of micro-organisms (GUNSALUS, 
HorRECKER and Woop, 1955; Racker, 1954; Woop, 1955) and in 
mammals two alternative mechanisms of glucose breakdown have been 
known for some time (see reviews by Stumpr, 1954; Dickens, 1956; 
Woop, 1955). 

The detailed reactions of a metabolic pathway are often more readily 
demonstrated in vitro than in vivo, but their quantitative importance 
can be determined only by in vivo experiments, since the regulated 
metabolic activity of the intact organism may determine the amount 
of a substance metabolized by alternative routes. Occasionally, a 
pathway indicated by in vitro experiments may be absent or quanti- 
tatively unimportant in the whole organism. This may explain the 
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differences in glycine metabolism under in vitro and in vivo conditions 
(ARNSTEIN, 1954). 

The isotopic tracer technique probably offers the best experimental 
approach to the problem of determining the importance of alternative 
pathways in vivo, but the proper design and interpretation of such 
experiments may be very difficult, as has been pointed out by Woop 
(1955) in a thorough discussion of glucose metabolism. 


[X. 1. Glucose metabolism 
The detailed catabolism of the biosynthetic products of glucose, such 
as glucosamine and galactose, is at present not known, and the possible 
contribution of these substances to the overall metabolism is not clear, 
but is unlikely to be of quantitative importance. Moreover, in some 
instances these substances may be reconverted into glucose rather than 
metabolized by a separate pathway. Thus, the reversibility of the 
formation of galactose 1-phosphate from glucose 1-phosphate (HANSEN 
and CRAINE, 1954) and the similar rates of oxidation of glucose and 
galactose in vivo (CARLETON, MIsLER and RoBERTs, 1955) suggest rapid 
interconversion of the two sugars and a common metabolic pathway. 


6 5 + 3 yd l 
HO-CH,:CHOH:-CHOH:CHOH:CHOH:CHO 
glucose 
6 5 4 L 8 2 EMP 6 5 4 3 2 l 
-CH,:CHOH:-CHOH:CHOH:-CHOH:CHO PO-CH,:CHOH:-CHOH-CHOH-CO:CH,OH 


glucose 6-phosphate aed fructose 6-phosphate 

WLD EMP 

6 5 4 y 3 2 l 6 5 4 | 3 2 1 

CH,:CHOH:CHOH:-CHOH:CHOH:CO,H TK-TA PO-CH,-CHOH:-CHOH:CHOH:-CO:CH,OP 

x. 2 

6-phosphogluconic acid fructose 1—6-diphosphate 
WLD 
1 


CO, EMP 


6 5 4 i 3 2 | 6 5 4 L 3 2 1 
CH,OH-CHOH-CHOH: | CO-CH,OH ————> PO-CH,:CHOH:CHO =CH,OH-CO-CH,OP 


ribulose 5-phosphate glyceraldehyde dihydroxyacetone 
3-phosphate 1-phosphate 


Y y 
6 5 4 
1 2 3 3 2 1 
CH,-CO-CO,H CH,OH-CHOH:-CH,OH 
pyruvate glycerol 
Tricarboxylic 
acid cycle 


CO, 


Fig. 5. The metabolism of glucose by alternative metabolic pathways. The 

glycolytic pathway is indicated by the abbreviation EMP, the oxidative 

pathway via 6-phosphogluconie acid by WLD. Reactions catalysed by 

transketolase (TK) and transaldolase (TA) convert pentose into triose +4 

hexose (see Fig. 6). The numbers above individual carbon atoms refer to the 
numbering of glucose from which they are derived. 
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In certain micro-organisms special pathways of glucose metabolism 
exist (RACKER, 1954: GuNnsatus ef al., 1955), but in general there are 
two metabolic pathways by which glucose is broken down, ultimately 
to pyruvate and thence to carbon dioxide by the reactions of the 
tricarboxylic acids cycle (Fig. 5). In the glycolytic or Embden- 
Meyerhof-Parnas (EMP) pathway, glucose is converted into fructose 
|: 6-diphosphate which is cleft by aldolase to a mixture of dihydroxy 
acetone and glyceraldehyde phosphates. In the hexose monophosphate 
or Warburg-Lipmann-Dickens (WLD) pathway, glucose 6-phosphate 
is oxidized to 6-phosphogluconie acid which is converted into pentose 
phosphates. The catabolism of pentose by the reactions catalysed by 
transketolase and transaldolase (Fig. 6) results in the formation of 

*CH,OH 
| 
co 
*CH,OH *CHO *CHOH 
CO CHOH CHOH 
TK c 
CHOH CHOH —~> CHOH CHO 


CHOH CHOH CHOH CHOH 


CH,OP CH,OP CH,OP CH,OP 








Ribulose Libose Sedoheptulose Glyceraldehyde 
5-phosphate 5-phosphate 7-phosphate 3-phosphate 





*CH,OH *CH,OH 


CO CH,OH CO 
*CHOH CHO ‘O CHOH 
| TA PIR 'K 
——> CHO CHOH CHOH -~ CHOH CHO 


CHOH CHOH CHOH CHOH CHOH 


CH,OP CH,OP CH,OP CH,OP  CH,OP 
Shida 





Fructose Erythrose Ribulose Fructose Glyceraldehyde 
6-phosphate 4-phosphate 5-phosphate 6-phosphate 3-phosphate 
Fig. 6. Metabolism of pentose by transketolase (TK) and transaldolase (TA) 
reactions. Reactants are indicated by horizontal brackets and cleavage of 
carbon-carbon bonds by dotted lines. Pentose (ribose + ribulose) phosphate 
arises from hexose by the WLD pathway (Fig. 5). 


1 molecule of triose and the resynthesis of 2 molecules of hexose mono- 
phosphate from 3 molecules of pentose. Triose phosphate, arising 
either by the EMP or the WLD pathway, is then oxidized to pyruvate, 
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which is further catabolized into carbon dioxide by the tricarboxylic 
acid cycle (see Fig. 3, p. 192). 

There are three salient features which characterize the above 
alternative pathways of glucose catabolism with respect to the meta- 
bolic fate of the individual carbon atoms of the glucose molecule: (1) 
(,, of glucose is converted directly into carbon dioxide by the WLD 
mechanism. The EMP pathway on the other hand converts this 
carbon atom into the methyl carbon of pyruvate, and carbon dioxide 
is produced only subsequently by the reactions of the tricarboxylic acid 
cycle. (2) Resynthesis of glucose by reversal of the EMP pathway does 
not affect the distribution of “C in labelled glucose, but resynthesis of 
hexose from pentose by the transketolase-transaldolase reactions 
results in the following redistribution of radioactivity originally present 


in C,,, and C\,) of glucose: 


Ci) of hexose (indicated by C* in Fig. 6) — 
C\,, of pentose — C,,, + Cg) of sedoheptulose — 


Ci) + Cig) of hexose (activity of C,,) > Cig) since two out of three 
molecules of labelled pentose are converted into hexose labelled in 
C,,), but only 1 molecule into hexose labelled in C,,)); 


C\,) of hexose C,,,) of pentose (indicated by C° in Fig. 6) > 
C, of pentose — C,,, + Ci) of sedoheptulose — Ci.) 


hexose (activity in Cis) > Cys). 


It may be noted that the formation of triose by this pathway is 
coupled with the resynthesis of hexose from pentose. Catabolism of 
{2-4C] or [3-"C] glucose by this mechanism should therefore lead to 
extensive redistribution of isotopic tracer in the unmetabolized glucose 
(e.g. that used for glycogen synthesis) in agreement with the above 
predictions. (3) Carbon atoms 1-3 of glucose are converted into triose 
and pyruvate only by the EMP pathway. In the WLD pathway, C,.) 
and (,,) of glucose are utilized, in the first place, for pentose synthesis. 
Pentose is then converted into hexose as discussed above, and C,., and 
Ci, are thus oxidized to carbon dioxide by repetition of the WLD 
pathway. 

These three major points of difference have been used to estimate the 
contribution of the EMP and WLD pathways in the intact organism 
and in isolated tissues, as described below. 


1. 1. The distribution of isotopic carbon in glycogen as an indicator of 
alternative metabolic pathways 


Since glycogen is synthesized directly from glucose 1-phosphate it may 
be used for “‘trapping”’ glucose from the metabolic pool (Woop, 1951). 
The distribution of isotope in glycogen corresponds closely to that in 
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the precursor glucose, as shown by the conversion of [1-!C] glucose into 
glycogen containing 80—90 per cent of the total 4C in carbon atom | and 
not more than 5 per cent in any of the other positions (Cook and 
LorRBER, 1952; Hers, 1955). 

Liver glycogen isolated from animals which had been injected with 
NaHCO, was labelled almost entirely in C,,, and C,,) of the glucose 
unit (BERNSTEIN ef al., 1955). Only a small proportion of the labelled 
hexose monophosphate used for glycogen synthesis could therefore 
have originated by the WLD reactions, which would have resulted in 
redistribution of radioactivity from C,,, into C,,. In this type of 
experiment, however, glycogen deposition is enhanced by using fasted 
animals, which are fed glucose at the time ot injection of NaH™CO,. 
Under these conditions, catabolism and resynthesis of glucose by the 
WLD pathway may well be slow compared with gluconeogenesis by 
reversal of the EMP reactions and glycogen formation. The distribution 
of isotopic carbon in glycogen may thus reflect the metabolic pathway 
used for de novo glucose synthesis rather than that for glucose cata- 
bolism. It is likely that the distribution of “C in glycogen synthesized 
by nonfasted animals from [2-“C] glucose would be more informative 
about these alternative pathways. In this case, direct utilization of 
glucose would label glycogen only in C,,), catabolism to trioses and 
resynthesis by the EMP pathway would give equal labelling in C,,) and 
C5), whilst catabolism and resynthesis by the WLD pathway would 
give equal labelling in C,,) and C,,) of the glucose residues of glycogen. 


1. 2. Calculations based on the conversion of labelled glucose into carbon 
dioxide 

The relative contribution of the alternative pathways to the oxidation 

of glucose by tissue slices has been calculated from a comparison of the 

conversion of [1-!C] and uniformly “C-labelled glucose ({U-"“C] glucose) 

(BLoom, STETTEN and STETTEN, 1953), on the assumption that carbon 

dioxide is formed only from C,,, of glucose by the WLD pathway. 

On this assumption, kidney slices were calculated to metabolize 
91 per cent of the glucose by the EMP pathway, whilst liver slices 
metabolized only 23 per cent by this route. In similar experiments 
with [1-"C] and [6-“C] glucose, it was estimated that 36 per cent of the 
glucose converted into carbon dioxide by liver slices was metabolized 
by the EMP pathway (BLoom and Srerren, 1953). The discrepancy 
between this result and the value obtained from the comparison of 
[1-4C] and [U-“C] glucose may indicate that some of the fundamental 
assumptions made in this type of experiment are not valid. 

Thus, re-synthesis of hexose from pentose (HORECKER, GIBBS, 
KLENow and SmyRnIoris, 1954; Karz, ABRAHAM, HILL and CHAIKOFF, 
1955) would result in the conversion of C,,, and Cz) of glucose into 
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carbon dioxide, whilst C,4)—-C(g) of glucose may also contribute to 
the carbon dioxide pool, since triose originating from these carbon 
atoms by the WLD mechanism is presumably further metabolized to 
pyruvate and thence to carbon dioxide. Moreover, it has been pointed 
out by Woop (1955) that only glucose molecules which are eventually 
converted into carbon dioxide are estimated, and in liver this is probably 
only a minor pathway. 

Using the same experimental results as BLoom ef al. (1953) but a 
different method of calculation (Katz, ABRAHAM, HILL and CHAIKOFP, 
1954: Karz, ef al., 1955) it has been concluded that in liver slices as 
much as 61-94 per cent of the glucose is metabolized by the EMP 
pathway. In this calculation, the yield of labelled carbon dioxide from 
all six carbon atoms of glucose by the EMP pathway wads compared 
with that of C,,) by the WLD pathway, and the validity of such a 
comparison has been questioned (Woop, 1955). Nevertheless, the 
conclusion that only relatively small amounts of glucose are catabolized 
by the WLD mechanism is supported by the absence of any significant 
difference in the relative utilization of [1-"C] and [U-"C] glucose for 
the biosynthesis of several compounds related to pyruvate and the 
tricarboxylic acid cycle, including alanine, aspartic acid, and glutamic 
acid (Karz ef al., 1955). On the other hand, liver slices incorporated 
more 14C into fatty acids from {6-"C] glucose than from |1-™C] glucose 
(BLoom and STETTEN, 1955), which would be indicative of a preferential 
conversion of glucose to acetate by the WLD pathway. 


1. 3. Calculations based on the conversion of different carbon atoms of 
glucose into C, compounds related to triose 
A different method of calculating the relative contribution of the alter- 
native pathways of glucose metabolism, based on a comparison of the 
specific radioactivity of triose synthesized from glucose labelled in 
different positions, has been developed by BLUMENTHAL, Lewis and 
WEINHOUSE (1954). Since glucose labelled in C,,), Ci.) or Cis) gives rise 
to labelled triose only by the EMP pathway, the conversion of [1-C] 
glucose into lactate, pyruvate, or acetate was used to calculate the 
amount of glucose converted into these products by the EMP pathway, 
allowance being made for endogenous dilution by using [U-“C] glucose 
in control experiments. The validity of this method depends on the 
equal utilization of the two triose phosphates (dihydroxyacetone 
phosphate and glyceraldehyde phosphate) produced by glycolysis for 
pyruvate synthesis, and on the complete mixing of trioses from the 
EMP and WLD pathways (Woop, 1955). The unequal labelling of 
Cig, and C4, of glucose synthesized from {1-“C] glycerol (SCHAMBYE, 
Woop and PopsAxk, 1954) suggests, however, that the first assumption 
may not be entirely valid, since reversal of this pathway would result 
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in the preferential utilization of C,,) of glucose for glycerol biosynthesis. 
Pyruvate would then be derived preferentially from C..)—Cig) of glucose 
even by the EMP mechanism, and the contribution of the WLD 
pathway may thus be overestimated. 

This method has been used to determine the pathways of glucose 
metabolism in Pseudomonas fluorescens (Lewis, BLUMENTHAL, WEIN- 
RACH and WEINHOUSE, 1955), and in yeasts (BLUMENTHAL ef al., 1954). 
Aerobically, 0-30 per cent and 30-50 per cent of the glucose was esti- 
mated to be metabolized by the WLD pathway by Saccharomyces 
cerevisiae and Torulipsis utilis, respectively, whilst anaerobically at 
least 95 per cent was catabolized by the EMP pathway. The bio- 
synthesis of alanine, which is closely related to metabolic pyruvate, 
from dietary [1-“C] and [U-“C] glucose, has been used in similar 
experiments to estimate the pathways of glucose catabolism in young 
rats (ARNSTEIN and KerGLevi¢c, 1956). The prolonged experimental 
period during which the labelled glucose was fed in this case would 
probably minimize some of the factors, such as differences in reaction 
rates and metabolic pools of intermediates, which may complicate the 
interpretation of short-term experiments (Woop, 1955). Alanine bio- 
synthesis from [1-"C] glucose was identical with that from [U-“C] 
glucose and, in agreement with the results of Karz et al. (1955), and 
Bioom et al. (1953), it was concluded that the WLD pathway is quanti- 
tatively unimportant for the conversion of glucose into pyruvate by the 
intact animal. 


2. Biosynthesis of glycine 
The metabolic importance of glycine as a precursor of a wide variety 
of nitrogenous compounds is now well established, but relatively little 
is known about the mechanism of its biosynthesis from nonnitrogenous 
precursors (for a recent review, see ARNSTEIN, 1954). 

In animals glycine is a nutritionally dispensable amino acid (Ross, 
Burr and SALLAcn, 1952) and the extensive metabolic interconversion 
of serine and glycine (SHEMIN, 1946; SAKAMI, 1948) suggests the possible 
existence of two alternative pathways of glycine biosynthesis. One 
pathway (reactions 1 and 2, Fig. 7) would involve the initial formation 
of serine from a C, percursor, followed by loss of the hydroxymethyl] 


C, precursors —~—> HOCH, -CH(NH,)-CO,H 


serine 


+CH,O —CH,0 (2) 





C, precursors , > CH,(NH,)-CO,H 


glycine 


Fig. 7. Possible alternative pathways of glycine biosynthesis. 
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group of serine; the other (reaction 3) would consist of the direct 
synthesis of glycine from a C, compound. Both reactions may, of 
course, occur simultaneously, and it is noteworthy that glyoxylic acid 
is converted into glycine (WEINHOUSE and FRIEDMANN, 1951), whilst 
pyruvate (ANKER, 1948) and glucose (ARNSTEIN and KEGLEVIC, 1956) 
can serve as precursors of serine. 

The problem of glycine biosynthesis is further complicated by the 
existence of two metabolic cycles (Fig. 8, 4 and B), both of which 
result in the indirect interconversion of glycine and serine. In cycle A, 

p v4 a 
HOCH,:CH(NH,)-CO,H - CH,(NH,):CO,H 


‘ serine 


HOCH,-CH,NH, CHO-CO,H CH,NH-CH,:CO,H 
ethanolamine glyoxylic acid sarcosine 
~ : A 


mh / 

K “ | 
HO-CH,:CH,NHCH, HOCH,-CHO — HOCH,:-CO,H (CH,),.NCH,:-CO,H 
methylethanolamine glycolaldehyde glycollic acid dimethylglycine 

A 


| 


(CH;);NCH,-CO, 


betaine 


| 
| 
| 


Y 4 
HO-CH,:CH,N(CH;), ——» (CH;);NCH,:CH,OH 
dimethylethanolamine choline 


Fig. 8. Metabolic pathways leading to the interconversion of serine and glycine. 


serine is first decarboxylated to ethanolamine, which is deaminated, 
oxidized to glyoxylic acid, and thus converted into glycine (WEISSBACH 
and Sprrnson, 1953). In cycle &b, ethanolamine is methylated to 
choline, which after oxidation to betaine is successively demethylated 
to dimethylglycine, sarcosine and finally glycine (SoLoway and 
STETTEN, 1953). 

The formation of glycine from serine by cycle A results in the loss 
of the nitrogen atom and the conversion of the « and f carbon atoms 
of serine into the carboxyl and « carbon atoms of glycine, respectively. 
In eycle 6, on the other hand, the nitrogen atom of serine is retained 
and the # carbon atom becomes the carboxyl carbon atom of glycine. 
On the basis of these differences it is possible to assess the approximate 
quantitative contribution of the two cycles to the conversion of serine 
into glycine. 

Since [6-“C] serine gives rise to glycine containing considerably 
more radioactivity in the « carbon atom than in the carboxyl carbon 
atom (ELwyn and Sprrnson, 1954a), the contribution of cycle B is 
evidently of little importance. It is likely that the rate-limiting 
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reaction in this pathway is the methylation of dimethylethanolamine 
to choline, since both choline and betaine are readily converted into 
glycine, whereas dimethylethanolamine is only a poor precursor 
(SoLoway and STETTEN, 1953). 

The reactions of cycle A would lead to the incorporation of “C from 
[a-@C] glycine into the carboxyl groups of both serine and glycine. 
Even after prolonged feeding of [x-“C] glycine to young rats, only about 
10 per cent or less of the total “C was found in the carboxyl group of 
glycine (H. R. V. Arnsrery, unpublished results) or serine (ARNSTEIN 
and NEUBERGER, 1953b; see also p. 184). It is concluded therefore, 
that this pathway is also only of minor significance compared with the 
direct glycine-serine interconversion (Fig. 7, reaction 2). 

In quantitative experiments it has been found that the rate of serine 
biosynthesis by the rat exceeds that of glycine by about 50 per cent 
(ARNSTEIN and NEUBERGER, 1953b; see also p. 207). The assumptions 
made in these experiments have been discussed in detail elsewhere 
(ARNSTEIN, 1954), and while the absolute figures may require modifi- 
cation it is clear that the rate of glycine biosynthesis is insufficient to 
account for the biosynthesis of serine entirely from glycine. On the 
other hand, the direct formation of glycine entirely from serine would 
be compatible with the quantitative estimates of the rates of bio 
synthesis of these amino acids. 

Since the metabolic interconversion of glycine and serine requires 
pteroylglutamic acid (ELWyN and Sprrinson, 1950), the rate of glycine 
biosynthesis by normal and pteroylglutamic-acid-deficient rats was 
compared in order to determine the importance of the glycine-serine 
reaction for the biosynthesis of glycine. A dietary deficiency of 
pteroylglutamic acid reduced the rate of glycine biosynthesis by the rat 
to about 60 per cent of the normal value (ARNSTEIN and STANKOVIC, 
1956). The conversion of “C-labelled glucose into glycine was reduced 
to a similar extent, but serine biosynthesis from glucose was not affected 
(ARNSTEIN and KEGLEvIC, 1956), indicating that glycine is not an 
intermediate in the biosynthesis of serine. The conversion of glucose 
into serine via a C, precursor (reaction 1, Fig. 7) can thus account 
quantitatively for serine biosynthesis, whilst the serine-glycine reaction 
(reaction 2) apparently synthesizes at least 40 per cent of the glycine 
normally derived from nonnitrogenous precursors. This figure probably 
represents only a minimum value, since the serine-glycine reaction 
was only reduced and not completely inhibited in these experiments. 

Whether C, precursors also contribute to glycine biosynthesis 
remains uncertain, although the formation of glycine from glyoxylic 
acid has been demonstrated in vivo (WEINHOUSE and FRIEDMANN, 
1951; WeISSBACH and SPRINSON, 1953). Since this reaction is rever- 
sible, as shown by the deamination of glycine to glyoxylic acid in liver 
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homogenates (NAKADA and WEINHOUSE, 1953), its occurrence in vivo 
should result in a change in the "C:!°N ratio of doubly-labelled glycine. 
It has been found, however, that in the intact rat, this ratio remains 
unchanged for many hours (ARNSTEDN and NEUBERGER, 1951). It is 
concluded, therefore, that metabolism of glyoxylic acid to glycine in 
vivo is either irreversible or quantitatively insignificant (possibly 


because only small amounts of glyxoylic acid may be normally available 
for glycine biosynthesis), and that the major part of glycine is normally 


synthesized from serine. 


REFERENCES 
ABRAMS R. and CLARK L. (1951) J. Amer. chem. Soc. 78, 4609. 
ADAMS P. T. (1955) J. Amer. chem. Soc. 77, 7 
ADELBERG E. A. (1955) J. biol. Chem. 216, 431. 
AILS. J. and Wona D. T. O. (1955) Arch. Biochem. Biophys. 54, 474. 
AMERICAN ATOMIC ENERGY SUPPLEMENT (1952) J. Amer. chem. Soc. 74, 2389. 
ANDERSON R. C. and DELABARRE Y. (1951) J. Amer. chem. Soc. 78, 4051. 
ANKER H. S. (1948) J. biol. Chem. 176, S37. 
ANKER H. S. (1950) J. biol. Chem. 187, 167. 
Aqvist S. E. G. (1951) Acta chem. Scand. 5, 1046. 
ARMSTRONG W. D. and SCHUBERT J. (1947) Science 106, 403. 
ARMSTRONG W. D. and ScHUBERT J. (1948) Anal. Chem. 20, 270. 
ARNSTEIN H. R. V. (1952) J. chem. Soc. p. 4527. 
ARNSTEIN H. R. V. (1954) Adv. Protein Chem. 9, 1. 
ARNSTEIN H. R. V. and BENTLEY R. (1950) Quart. Rev. 4, 172. 
ARNSTEIN H. R. V. and BENTLEY R. (1953) Biochem. J. 54, 493. 
ARNSTEIN H. R. V., CLUBB M., and GRANT P. T. (1954) 2nd Radioisotope Confer- 
ence, Oxford, p. 506. Edited by Johnston, J. E. London, Butterworths. 
ARNSTEIN H. R. V. and Grant P. T. (1954a) Biochem. J. 57, 353. 
ARNSTEIN H. R. V. and Grant P. T. (1954b) Biochem. J. 57, 360. 
ARNSTEIN H. R. V., HUNTER G. D., Murr H. M., and NEUBERGER A. (1952) J. 
chem. Soc. p. 1829. 
ARNSTEIN H. R. V. and KEGLEVICG D. (1956) Biochem. J. 62, 199. 
ARNSTEIN H. R. V. and NEUBERGER A. (1949) Biochem. J. 45 (iii) 
ARNSTEIN H. R. V. and NEUBERGER A. (1951) Biochem. J. 50, 154. 
ARNSTEIN H. R. V. and NEUBERGER A. (1953a) Biochem. J. 55, 259. 
ARNSTEIN H. R. V. and NEUBERGER A. (1953b) Biochem. J. 55, 271. 
ARNSTEIN H. R. V. and STanKovié V. (1956) Biochem. J. 62, 190. 
ASKONAS B. A., CAMPBELL P. N., GopIN C., and WorK T.S. (1955) Biochem. J. 


61, 105. 


BAKER E. M., TOLBERT B. M., and Marcus M. (1955) Proc. Soc. exp. Biol., N.Y. 
88, 383. 

BALL E. G., Sotomon A. K., and Cooper O. (1949) J. biol. Chem. 177, 81. 

BANGHAM D. R. (1956) Biochem. J. 62, 550. 

BARKER C. C., HUGHES I. W., and Youne G. T. (1952) J. chem. Soc., p. 1574. 

BARKER H. A. and KAMEN M. D. (1945) Proc. nat. Acad. Sci., Wash. 31, 219. 

BARNARD G. P. (1953) Modern mass spectrometry. London, The Institute of 
Physics. 

BELCHER E. H. (1953) J. Sci. Instr. 80, 286. 

BENEDIcT J. D., ForsHAM P. H., and STETTEN D. (1949) J. biol. Chem. 181, 183. 


218 





IFERENCES 


BENSON A. A., BASSHAM J. A., CALVIN M., GOODALE TT. C., HAAS V. A., and 
STEPKA W. (1950) J. Amer. chem. Soe. 72, L710. 

BERNSTEIN I. A., LENTZ K.. MALM M., SCHAMBYE P., and Woop H. G. (1955) 
J. biol. Chem. 215, 137. 

BERNSTEIN W. and BALLENTINE R. (1950) Rev. Sci. Instr. 21, 158. 

Buack A. L.. KLEtBER M., and BAxTer C. F. (1955) Biochim. Biophys. Acta 17, 
346. 

BLAKLEY R. L. (1954) Biochem. J. 58, 448. 

BLocH K. (1953) Helv. chim. acta 36, 1611. 

BiocH K., CLARKE L. C., and Harary I. (1955) J. Amer. chem. Soe. 76, : 

BiocH K. and RIrTTENBERG D. (1945) J. biol. Chem. 159, 45. 

BLoom B. and STETTEN D. (1953) J. Amer. chem. Soc. 75, 5446. 

BLooM B. and STETTEN D. (1955) J. biol. Chem. 212, 555. 

BLoom B., STETTEN M. R., and STETTEN D. (1953) J. biol. Chem. 204, 681. 

BLUMENTHAL H. J., Lewis K. F.. and WEINHOUSE S. (1954) J. Amer. chem. Soc. 
76, GO9S. 

BoGorap L. and GRANICK S. (1953) Proc. nat. Acad. Sci... Wash. 39, L176. 

BooTHROYD B., BRown S. A., THORN J. A., and NEISH A. C. (1955) Canad. JJ. 
Biochem. Physiol. 33, 62. 

BRADLEY J. E. S.. HoLtoway R. C., and MCFARLANE A. S. (1954) Biochem. J. 
57, 192. 

Brapy R. O. and GurRIN S. (1951) J. biol. Chem. 189, 371. 

BRUNER H. D. and PerkINson J. D. jun. (1952) Nucleonics 10, No. 10, 57. 

BUBLITz C. and KENNEDY E. P. (1954) J. biol. Chem. 211, 963. 

BurR W. W. and Marcia J. A. (1955) Anal. Chem. 27, 571. 


> 


CALVIN M., HEIDELBERGER C., ReErp J. C., TOLBERT B. M., and YANKWICH P. 
(1949) Isotopic carbon. New York, John Wiley & Sons, Inc. 

CAMMARATA P. S. and COHEN P. P. (1950) J. biol. Chem. 187, 439. 

CARLETON F. J., MISLER S., and Roperts H. R. (1955) J. biol. Chem. 214, 427. 

CARLESON G. (1954) Acta chem. Scand. 8, 1693. 

CarRRIcK W. L. and Fry A. (1955) J. Amer. chem. Soc. "77, 4381. 

CatcH J. R. (1953) Proceedings of isotope techniques conference, vol. 2, p. LOO. 
London, Her Majesty’s Stationery Office. 

Catcu J. R. (1954) Radioisotope Conference. Oxford, vol. 1, p. 258. Edited by 
JoHNstToN, J. E. London, Butterworths Scientific Publications. 

CLARKE D. H. (1952) J. exp. Med. 96, 439. 

CoHn, M. and DRYSDALE G. R. (1955) J. biol. Chem. 216, 831. 

CoLuIns C. J. and Ropp G. A. (1955) J. Amer. chem. Soe. 77, 4160. 

Cook M. and LORBER V. (1952) J. biol. Chem. 199, 1. 

CORNFORTH J. W. (1954) Rev. Pure. Appl. Chem. 4, 275. 

CORNFORTH J. W. and PopsAK G. (1949) Nature, Lond. 164, 1053. 

CORNFORTH J. W. and PopsAK G. (1954) Biochem. J. 58, 403. 

Cowle D. B.. Bouitron E. T., and SANDs M. K. (1951) J. Bact. 62, 63. 

CRANE R. K. and Batu E. G. (1951) J. biol. Chem. 188, 819. 


DICKENS F. (1956) Rapports, 3éme Congrés international de biochimie, p. 


Liege, Vaillant-Carmanne. 
DIMANT E., SmitruH V. R., and Larpy H. A. (1953) J. biol. Chem. 201, 85 
DoERSCHUK A. P. (1952) J. biol. Chem. 196, 423. 
DOLE M. (1952) Chem. Rev. 51, 263. 
Dovetas J. F. and Kina C. G. (1953) J. biol. Chem. 202, 865 


219 





ISOTOPES IN INTERMEDIARY METABOLISM 


pU VIGNEAUD V., CoHN M., CHANDLER J. P., SCHENCK J. R., and Stimmonps S. 
(1941) J. biol. Chem. 140, 625. 

DU VIGNEAUD V., Ki~MER G. W., RACHELE J. R., and CoHn M. (1944) J. biol. 
Chem. 155, 645. 

DU VIGNEAUD V., RACHELE J. R. and WHITE A. M. (1956) J. Amer. Chem. Soc. 
78, 5131. 

DU VIGNEAUD V., VERLY W. G. L., WILSON J. E., 
and KINNEY J. M. (1951) J. Amer. chem. Soc. 78, 2782. 


RACHELE J. R., RESSLERC. R., 


EpwWarps (, and Harris E. J. (1955) Nature, Lond. 175, 262. 

EHRENSVARD G., REIO L., SALUSTE E., and StJERNHOLM J. (1951) J. biol. Chem. 
189, 93. 

EIDINOFF M. L. (1953) eden N.Y. Acad. Sci. 16, 76. 

ErrnoFrF M. L. and Knot J. E. (1950) Science 112, 250. 

EIDINOFF M. L., PERRI G. hati J. E., MARANO B. J., and ARNHEIM J. 
(1953) J. Amer. chem. Soc. 75, 248. 

EISENBERG F. (1955) J. biol. Chem. 212, 501. 

Evuiotr D. F. and NEUBERGER A. (1950) Biochem. J. 46, 207. 

ELwyn D. and SpRINSON D. B. (1950) J. biol. Chem. 184, 475. 

ELWwyNn D. and Sprinson D. B. (1954a) J. biol. Chem. 207, 459. 

ELWYN D. and Sprinson D. B. (1945b) J. biol. Chem. 207, 467. 

ELWyN D., WEISSBACH A., HENRY S.S., and SPRINSON D. B. (1955) J. biol. Chem. 
2138, 281. 

ELWYN D., 
5509. 

ENTENMAN C., LERNER “s 
Soc. exp. Biol., N.Y. 70, 364 

ERLENMEYER H., soa aad ER W., one SULLMANN H. 
1376. 


WEISSBACH A., and SPRINSON D. B. (1951) J. Amer. chem. Soc. 78, 


R., CHAIKOFF I. L., and DAUBEN W. G. (1949) Proce. 


Les 


(1986) Helv. chim. acta 19, 


FELLER D. D., STRISOWER E. H.. and CHArkKoFrF I. L. (1950) J. biol. chem. 187, 


571. 
Firrine C. and PutTMAN E. W. (1952) J. biol. Chem. 199, 573. 
FLAVIN M. and ANFINSEN C. B. (1955) J. biol. Chem. 211, 375. 
FrEsco J. R. and WARNER R. C. (1955) J. biol. Chem. 215, 7 75] 
FruTON J. S., JOHNSTON R. B., and Frrep M. (1951) J. biol. € the m. 190, 39 
FruToN J. S. and Srwmonps 8. (1954) General biochemistry, p. 363. London, 


Chapman & Hall. 


GAITONDE M. K. & RICHTER D. (1955) Biochem. J. ped 690. 

GARROW J. and Preper E. A. (1955) Biochem. J. 60, ! 

Gest H., KAMEN M. D., and REINER J. M. (1948) - teh. Biochem. 12, 273. 

Guascock R. F. (1951) Nucleonics 9, No. 5, 28. 

GLAScocK R. F. (1954) Isotopic gas analyses for biochemisls. New York, Academic 
Press Inc. 

GuLascockK R. F. and DUNCOMBE W. G. (1954) Biochem. J. 58, 44 

GLENDENIN L. E. and Sotomon A. K. (1950) Science 112, 623. 

GRAF W. L., Comar C. L., and Wuirney I. B. (1951) Nucleonics 9, No. 4, : 

GREENBERG G. R. (1951) J. biol. Chem. 190, 611. 

GREENSTEIN J. P. (1954) Adv. Prot. Chem. 9, 121. 

Gross J. and Prrr-Rivers R. (1953) Biochem. J. 58, 645. 

GuUNSALUS I. C., HorEcKER B. L., and Woop W. A. (1955) Bact. Rev. 19, 79. 

220 





REFERENCES 


HAIGH C. P. (1954) Nucleonics 12, No. 1, 34 

HANSEN R. G. and CRAINE E. M. (1954) J. biol. Chem. 208, 293. 

HayeEs F. N. and Goutp G. G. (1953) Science 117, 480. 

HENRIQUES O. B., HENRIQUES S. B., and NEUBERGER A. (1955) Biochem. J. 60, 
409. 

Hems R. and BARTLEY W. (1953) Biochem. J. 55, 434. 

Hers H. G. (1955) J. biol. Chem. 214, 373. 

HEvEsyY G. (1948) Radioactive Indicators New York, Interscience Publishers Inc. 

HORECKER B. L., Grpsps M., KLENowW H., and SMyrniomTis P. Z. (1954) J. biol. 
Chem. 207, 393. 

HUTCHENS T. T., CLAaycoMB C. K., CatHey W. J., and VAN BRUGGEN J. T. 
(1950) Nucleonics 7, No. 3, 41. 


INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION (1954) Brit. J. 
Radiol., N.S. Suppl. No. 6, p. 28. 


KALCKAR H. (1939) Biochem. J. 38, 631. 

KAMEN M. D. (1947) Radioactive tracers in biology. New York, Academic Press Inc. 

KARLSSON J. L. and BARKER H. A. (1949) J. biol. Chem. 177, 597. 

KARNOVSKY M. L., Foster J. M., Grpez L. I., HAGERMAN D. D., ROBINSON 
C. V., Sotomon A. K., and VILLEE C. A. (1955) Anal. chem. 27, 852. 

Katz J., ABRAHAM S., Hint R., and CHAIKOFF I. L. (1954) J. Amer. Chem. Soc. 
76, 2277. 

Katz J., ABRAHAM S., Hit R., and CHaArkorF I. L. (1955) J. biol. Chem. 214, 853. 

Katz J. and CHAIKOFF I. L. (1954) J. biol. Chem. 206, 887. 

KELLER E. B., RACHELE J. R., and pu VIGNEAUD VY. (1949) J. biol. Chem. 177, 
lao 

KEsTON A. S. and LospatiuTo J. (1951) Fed. Proc. 10, 207. 

KESTON A. S., UDENFRIEND S., and CANNAN R. K. (1949) J. Amer. Chem. Soc. 
71, 249. 

KLEIBER M. (1955) Nature 175, 342. 


LANGDON R. G. and Biocy K. (1953a) J. biol. Chem. 200, 129: (1953b) J. biol. 
Chem. 200, 135. 

LEMMON R. M. (1953) Nucleonics 11, No. 10, 44. 

LEMMON R. M., PARSONS M. A., and CHIN D. M. (1955) J. Amer. Chem. Soc. 77, 
1139. 

LEwis K. F., BLUMENTHAL H. J., WEINRACH R. S., and WEINHOUSE S. (1955) 
J. biol. Chem. 216, 273. 

LIBBY W. F. (1955) Radiocarbon dating. 2nd Ed. Chicago, University Press. 

LIVINGSTON L. G. and MEDEs G. (1948) J. Gen. Physiol. 31, 75. 

LORBER V., UrrerR M. F., RuDNEY H., and Cook M. (1950) J. biol. Chem. 185, 689. 

LYNEN F. and OcnHoa 8S. (1953) Biochim. Biophys. Acta 12, 299. 


MACKENZIE C. G. and pu VIGNEAUD V. (1952) /. biol. Chem. 195, 487. 

MACKENZIE C. G., RACHELE J. R., Cross N., CHANDLER J. P., and DU VIGNEAUD 
V. (1950) J. biol. Chem. 188, 617. 

McManus I. R. (1954) J. biol. Chem. 208, 639. 

MARINELLI L. D., QuimBy E. H., and HINE G. J. (1948) Nucleonics 2, No. 4, 56. 
2, No. 5, 44. 

MARTIUS C. and SCHORRE G. (1950) Liebigs Ann. 570, 140. 

Mawson C, A. (1955) Nature 176, 317. 

Murr H. M. and NEUBERGER A. (1950) Biochem. J. 47, 97. 


221 





ISOTOPES IN INTERMEDIARY METABOLISM 


NAKADA H. I. and WEINHOUSE S. (1953) Arch. Biochem. Biophys. 42, 257. 
NELSON C. D. and KrorxKov G. (1955) Arch. Biochem. 59, 294. 

NIKLAS A. (1955) Hoppe Seyl. Z. 301, 194. 

Norris T. H. (1952) J. Amer. Chem. Soc. 74, 2396. 


Oaston A. G. (1948) Nature 162, 963. 
ORD M. G. and STOCKEN L. A. (1953) Physiol. Rev. 38, 356. 
OstWaLD R., ADAMS P. T., and ToLBERT B. M. (1952) J. Amer. Chem. Soc. 74, 


2425. 


PACE N., KLINE L., SCHACHMAN H. K., and HARFENIST M. (1947) J. biol. Chem. 
168, 459. 

PANETH F. A. (1950) Nature 166, 931. 

PETERS J. H. and GuTMAN H. R. (1953) Anal. Chem. 25, 987. 

PoLitocK M. R. and PERRET C. J. (1953) J. Gen. Microbiol. 8, 186. 

PopsAK G. (1950) Biochem. J. 46, 560. 

PopsAK G. (1954) Arch. Biochem. Biophys. 48, 102. 

PopsAK G., GLASCOCK R. F., and Fouury S. J. (1952) Biochem. J. 52, 472. 

PopsAK G. and Mutr H. (1950) Biochem. J. 46, 103. 

PotTerR V. R. and HEIDELBERGER C. (1949) Nature 164, 180. 

PuTMAN E. W. and Hassip W. Z. (1952) J. biol. Chem. 196, 749. 


RACHELE J. R., KUCHINSKAS E. J.. KNout J. E., and Erp1norr M. L. (1954) J. 
Amer. Chem. Soc. 76, 4342. 

RACHELE J. R., KUCHINSKAS E. J., KRATZER F. H., and DU VIGNEAUD Y. (1955) 
J. biol. Chem. 215, 593. 

RACKER E. (1954) Adv. Enzymol. 15, 141. 

RACUSEN D. W. and ARONOFF S. (1951) Arch. Biochem. 34, 218. 

RAFELSON M. E. (1955) J. Amer. Chem. Soc. 77, 4679. 

RapvINn N.S. (1947) Nucleonics 1, No. 2, 48. 

RESSLER C., RACHELE J. R., and pu VIGNEAUD V. (1952) J. biol. Chem. 197, 1. 

RITTENBERG D. and Foster G. L. (1940) J. biol. Chem. 188, 737. 

ROBERTS R. B., Cow1E D. B., BRITTEN R., BOLTON E., and ABELSON P. H. (1953) 
Proc. Nat. Acad. Sci., Wash. 39, 1013. 

ROBINSON C. V. (1951) Rev. Sci. Instr. 22, 353. 

ROBINSON R. (1934) J. Soc. Chem. Ind. 58, 1062. 

Ror A. and ALBENESIUS E. L. (1952) J. Amer. Chem. Soc. 74, 2402. 

Ropp G. A. (1952) Nucleonics 10, No. 10, 22. 

Roper G. A., BONNER W. A., CLARK M. T., and RAAEN V. F. (1954) J. Amer. 
Chem. Soc. 76, 1710. 

Ropp G. A., RAAEN V. F., and WEIMBERGER A. J. (1953) J. Amer. Chem. Soc. 75, 
3694. 

Rose G. and Emery E. W. (1951) Nucleonics 9, No. 1, 5. 

RosE W. C., BurR W. W., and Sanuacu H. J. (1952) J. biol. Chem. 194, 321. 

ROSEMAN S., Moses F. E., LUpow1eG J.. and DORFMAN A. (19538) J. biol. Chem. 


208, 213. 


SAKAMI W. (1948) J. biol. Chem. 176, 995. 

SAKAMI W. (1949) J. biol. Chem. 178, 519. 

SCHAMBYE P., Woop H. G., and PopsAk G. (1954) J. biol. Chem. 206, 875. 
ScCHAYER R. W., KoBAYASHI Y., and SmiLey R. L. (1955) J. biol. Chem. 212, 593. 
Scumitt J. A. and DANTELS F. (1953) J. Amer. Chem. Soc. 75, 3564. 
SCHOENHEIMER R. and RITTENBERG D. (1939) J. biol. Chem. 127, 285. 


999 





REFERENCES 


SCHOENHEIMER R., RATNER S., and RITrENBERG D. (1939) J. biol. Chem. 180, 703. 

SCHOENHEIMER R. and RITTENBERG D. (1940) Physiol. Rev. 20, 218. 

ScHwartz P. and CARTER H. E. (1954) Proc. Natl. Acad. Sci., Wash. 40, 499. 

SCHWEITZER G. K. and STEIN B. R. (1950) Nucleonics 7, No. 3, 65. 

SEN S. P. and LEopotp A. C. (1955) Biochem. Biophys. Acta 18, 320. 

SHEMIN D. (1946) J. biol. Chem. 162, 297. 

SHEMIN D., Russet C. S., and ABRAMSKY T. (1955) J. biol. Chem. 215, 618. 

SHREEVE W. W., Fein G. H., LoRBER V., and Woop H. G. (1949) J. biol. Chem. 
177, 679. 

SHREEVE W. W., LEAVER F., and SIEGEL I. (1952) J. Amer. Chem. Soc. 74, 
2404. 

SINEX F. M., PLAzin J., CLAREUS D., BERNSTEIN W., VAN SLYKE D. D., and 
CHASE R. (1955) J. biol. Chem. 218, 673. 

SKRABA W. J., BurR J. G., and Hess D. N. (1953) J. Chem. Phys. 21, 1296. 

SoLoway S. and STETTEN D. (1953) J. biol. Chem. 204, 207. 

SONDERHOFF R. and THomAs H. (1937) Liebigs Ann. 580, 195. 

SPIEGELMAN S. and LANDMAN O. E. (1954) Ann. Rev. Microbiol. 8, 181. 

SPRINSON D. B. and RIrTrENBERG D. (1949) J. biol. Chem. 180, 715. 

STEELE R. (1952) J. biol. Chem. 198, 237. 

STEKOL J. A., WEISS S., and ANDERSON E. I. (1955) J. Amer. Chem. Soc. 77, 
5192. 

STEVENS C. M., VoHRA P., INAMINE E., and Rowout O. A. (1953) J. biol. Chem. 
205, 1001. 

STRANKS D. R. (1956) J. Sci. Instr. 38, 1. 

STEVENS C. M., VoHrRA P., Moore J. E., and DE Lona C. W. (1954) J. biol. 
Chem. 210, 713. 

STRASSMAN M., THoMAsS A. J., LOCKE L. A., and WEINHOUSE S. (1954) J. Amer. 
Chem. Soc. 76, 4241. 


STRASSMAN M., THomAsS A. J., and WEINHOUSE S. (1955) J. Amer. Chem. Soc. 772, 
1261. 

StumprF P. K. (1954) In Chemical Pathways of Metabolism. Edited by D. M. 
Greenberg. New York, Academic Press Inc. 1, 67. 

Swick R. W. and NAKAO A. (1954) J. biol. Chem. 206, S83. 

Swim H. E. and Kramptrz L. O. (1954a) J. Bact. 67, 419. 

Swim H. E. and Kramptrz L. O. (1954b) J. Bact. 67, 426. 


TARVER H. (1951) Adv. in Biol. and Med. Physics 2, 281. Edited by Lawrence 
J. H. and Hamilton J. G. New York, Academic Press Inc. 

TAYLOR D. (1951) The Measurement of radio isotopes p. 51. London, Methuen & 
Co. Ltd. 

TCHEN T. T. and Biocu K. (1955) J. Amer. Chem. Soc. 77, 6085. 

TENG C., KARNOvSKY M. L., LANDAU B. R., HASTINGS A. B., and NESBETT F. 
(1953) J. biol. Chem. 202, 705. 

THODE H. G. (1949) Research 2, 154. 

THOMAS S. L. and TURNER H. S. (1953) Quart. Rev. 7, 407. 

THOMPSON R. C. (1954) Nucleonics 12, No. 9, 31. 

THOMPSON R. C. and BALLou J. E. (1954) J. biol. Chem. 206, 101. 

THORN M. B. (1951) Biochem. J. 49, 602. 

TOLBERT B. M., ADAMS P. T., BENNETT E. L., HuGHES A. M., KIRK M. R.., 
LEMMON R. M., NoLteR R. M., OstTwaLpD R. and CALVIN M. (1953) J. 
Amer. Chem. Soc. 75, 1867. 

TopPeR Y. J. and HAstinGs A. B. (1949) J. biol. Chem. 179, 1255. 

TOPPER Y. J. and Lipron M. M. (1953) J. biol. Chem. 208, 135. 


223 





ISOTOPES IN INTERMEDIARY METABOLISM 


Van NORMAN R. W. and Brown A. H. (1952) Plant Physiol. 27, 691. 

VAN SLYKE D. D., Piazin J., and WEISIGER J. R. (1952) J. biol. Chem. 191, 299. 

VEAL N. (1948) Brit. J. Radiol., N.S. 21, 347. 

VERLY W. G., RACHELE J. R., DU VIGNEAUD V., ErpINoFF M. L., and KNOLL 
J. E. (1952) J. Amer. Chem. Soc. 74, 5941. 


WAGNER C. D. and GuINN V. P. (1955) Nucleonics 18, No. 10, 56. 

WALSER M., Rerp A. F., and SELDIN D. W. (1953) Arch. Biochem. 45, 91. 

WASHBURN H. W., Berry C. E., and HAty L. G. (1953) Anal. Chem. 25, 130. 

WEIGL J. W. and CALVIN M. (1949) J. Chem. Phys. 17, 210. 

WEINBERGER D. and PorTER J. W. (1954) Arch. Biochem. Biophys. 50, 160. 

WEINHOUSE S. and FRIEDMANN B. (1951) J. biol. Chem. 191, 707. 

WEISSBACH A. and SprRINSON D. B. (1953) J. biol. Chem. 208, 1031. 

WEYGAND F. and Smon H. (1955) Methoden der organischen chemie (Houben- 
Weyl). Aufl. 4, Band IV, Teil, 2, p. 5389. Stuttgart, G. Thieme Verlag. 

WIBERG K. B. (1954) J. Amer. Chem. Soc. 76, 5371. 

Witcox P. E., HEIDELBERGER C. C., and PoTrEerR VY. R. (1950) J. Amer. Chem. 
Soc. 72, 5019. 

Wine J. and Jonnston W. H. (1955) Science 121, 674. 

WINTERINGHAM F. P. W., HARRISON A., and BRIDGES R. G. (1953) Radioisotope 
Techniques Vol. 1, p. 352. Proceedings of Isotope Techniques Conference, 
Oxford. London, Her Majesty’s Stationery Office. 

WINZLER R. J., MOLDAVE K., RAFELSON M. E., and PrEarRsSON H. E. (1952) J. 
biol. Chem. 199, 485. 

WITTENBERG J. and SHEMIN D. (1950) J. biol. Chem. 185, 103. 

WOLFGANG R. L., ROWLAND F. S., and TurTon C. N. (1955) Science 121, 715. 

Woop H. G. (1951) In Ciba Foundation conference on isotopes in biochemistry, p. 
227. London, Churchill. 

Woop H. G. (1952) J. biol. Chem. 194, 905. 

Woop H. G. (1955) Physiol. Rev. 35, 841. 

Woop J. L. and GuTMAN H. R. (1949) J. biol. Chem. 179, 535. 

Woopwarp R. B. and Biocn K. (1953) J. Amer. Chem. Soe. '75, 2023. 


YANKWICH P. E. (1953) Ann. Rev. Nuclear Sci. 3, 235. 
YANKWICH P. E. and STEVENS E. C. (1953) J. Chem. Phys. 21, 61. 


ZILVERSMIT D. B. (1955) Nature 175, 863. 

ZILVERSMIT D. B., ENTENMAN C., and CHATKOFF I. L. (1948) J. biol. Chem. 176, 
193, 

ZILVERSMIT D. B., ENTENMAN C., and FISHLER M. C. (1943) J. Gen. Physiol. 26, 


325. 





THE X-RAY CRYSTAL ANALYSIS OF BONE 
S. WM. Clark and J. [ball 


CONTENTS 


INTRODUCTION 
1. General 
2. The development of bone 
3. The inorganic constituents of bone 
4. The organic constituents of bone 


Il. X-RAY DIFFRACTION METHODS 
1. Powder method 


2. Single-crystal method 
3. Fibre diagrams 


PREPARATION OF MATERIAL 
1. Untreated bone 


2. Methods of treating bone specimens in order to improve the diffraction 


diagram 


RESULTS 
1. The size of the crystals of the inorganic constituent 
2. The identification of the inorganic constituent 
3. The orientation of the inorganic crystallites 
3.1. General 
3.2. The effect of age on orientation 
3.3. Variation of orientation along the length of the bone 
3.4. Cross-sections of long bones 
+. Changes in structure due to disease 
4.1. Rickets 
4.2. Other diseases 


CONCLUSIONS 


REFERENCES 





THE X-RAY CRYSTAL ANALYSIS OF BONE 
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[. INTRODUCTION 
[. 1. General 
Durtne the past thirty years since the first x-ray crystal analysis 
studies of bone were made, some hundreds of papers have been written 
on this subject, and the results have, on the whole, been rather disap- 
pointing. No very clear picture of the structure of bone is possible even 
now. In fact it is still not possible to state, without fear of contradic- 
tion, what is the exact substance, or substances, which makes up the 
inorganic part of normal bone. In the early investigations of the crystal 
structure of bone there was a suggestion that the results obtained 
might lead to a better understanding of the differences between normal 
healthy bone and diseased bone. In view of the uncertainty concerning 
so-called normal bone, it is not surprising to find that, when a com- 


parison is made between normal bone and diseased bone, definite 


conclusions about the differences in the ultimate structure cannot be 
reached in many cases. A study of the literature on the structure of 
normal and diseased bone reveals many conflicting statements and 
some apparently irreconcilable results. 

Several review articles on bone have been published, e.g., HUGGINS 
(1937), FANKUCHEN (1945), DALLEMAGNE (1950), and CARLSTROM and 
ENGSTROM (1956). Most of these, however, have a physiological or 
chemical bias and the results from x-ray diffraction form only part of 
the report. It is the purpose of the present report to review the results 
obtained by means of x-ray diffraction by previous investigators in this 
field and to present some new results. In conclusion an attempt will be 
made to assess the present position and to suggest some lines of 
investigation for the future. 

Before the information obtainable by x-ray diffraction methods is 
discussed, it may be useful to describe, in the first place, what is already 
known about bone as a tissue and how bones such as the femur develop 
with age; and in the second place, to outline the various methods of 
x-ray diffraction which are applicable to the study of bone. 

Bone consists of a basic organic substance which is impregnated 
with inorganic salts, the ratio by weight of these being approximately 

* British Empire Cancer Campaign Research Fellow. 
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35 per cent organic to 65 per cent inorganic. X-ray diffraction tech- 
niques can not only give information about total, intact bone, but can 
also be applied separately to the inorganic and organic portions of bone. 
Much more work has been carried out on the inorganic portion of bone 
than on the organic part. The latter consists mainly of collagen, which 
is now being intensively studied by several different techniques. 
Bone is not the most suitable material for investigating collagen, 
and the results from studies of other collagenous material are likely 
to furnish a better understanding of the structure of the organic 
constituent of bone than is a direct attack on the bone material 
itself. 

Bone tissue contains cells, called osteocytes, and intercellular 
substance. The intercellular substance is composed of fibrils and a 
cementing substance which binds them together and which contains 
most of the mineral salts. Mature bone is laid down in thin layers or 
lamellae. There are two types of bone, distinguishable microscopically, 
which differ in the arrangement of the lamellae contained in them. 
The first is called cancellous bone or “‘spongy” bone, the latter name 
describing its appearance well. The second is called compact bone. 
Most of the lamellae in compact bone are arranged in groups of cylin- 
drical systems, the centre of each containing a canal with blood vessels. 
These cylindrical formations, called Haversian systems, are closely 
packed together, and the spaces between are occupied by irregularly 
arranged lamellae, called interstitial lamellae. 


I. 2. The development of bone 


The ultimate structure of bone is more understandable if one knows 
how it is formed, so a brief account is given of the process of growth in 
so far as it is relevant to the crystal structure. 

Much of the x-ray crystal analysis work has been carried out on long 
bones, e.g. the femur of various animals, and in the case of these bones 
a complete cartilage model of the bone is first produced in the develop- 
ing animal. This cartilage is not changed into bone but is gradually 
replaced by bone. 

The process by which the cartilage becomes replaced by bone is 
thought to take place in the following way. The cartilage model of 
the bone develops and increases in length and in width, the first by 
the mechanism of interstitial growth, and the second by the appositional 
mechanism, i.e. the formation of new layers of cartilage on the surface 
of the model. The interstitial growth tends to occur nearer the end of 
the model than the midshaft, and thus the cartilage in the midshaft 
has time to mature. After the process of maturation the intercellular 
substance in this area becomes calcified and, as always happens with 
calcified cartilage, the cells gradually die. The intercellular substance 
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therefore begins to break up, and cavities are left near the middle of 


the model. 

While this is going on, conditions on the outer surface of the mid- 
shaft of the model are becoming favourable for the production of bone, 
and accordingly a thin layer of bone is laid down round the model. 
This layer of bone is covered by the periosteum, which is in fact 
responsible for the laying down of the bone. As the calcified cartilage 
in the midshaft of the model disintegrates, the process of bone forma- 
tion begins to spread from the periosteum towards the centre of the 
model. When the osteogenic cells reach the interior of the midshaft 
they are said to constitute a centre of ossification, in this case the 
diaphyseal centre of ossification. This stage is reached in the human 
femur after about eight weeks of intrauterine life. The bone inter- 
cellular substance is laid down on what remains of the calcified cartilage 
and, since this is in the form of an irregular network with relatively 
large spaces, the bone formed here is cancellous or “spongy” bone. 
Gradually the cartilage cells next to this bone begin to mature and the 
same process, resulting in the formation of more bone, is repeated. 
Thus the bone slowly extends along the shaft of the cartilage 
model. 

While this bone is being formed from the middle towards the ends of 
the model, the periosteum continues to add further bone to the sides 
of the model. When this bone becomes thick enough the cancellous 
bone inside it is superfluous and begins to dissolve away, leaving the 
bone with a central cavity called the marrow cavity. 

In this manner the whole of the shaft of the model becomes ossified, 
but the two ends are still cartilage. Eventually two additional centres 
of ossification (epiphyseal centres of ossification) appear in the ends of 
the model, and the formation of bone occurs as before and spreads 
outwards from these two centres. Finally only a thin layer of cartilage 
is left at each end of the bone, between the bone resulting from the 
diaphyseal centre of ossification and the bone from the epiphyseal 
centre. This is called the epiphyseal disc and it persists until the 
longitudinal growth of the bone is completed. The continued inter- 
stitial growth in the epiphyseal disc is in fact responsible for further 
longitudinal growth of the bone. The epiphyseal disc tends to increase 
in thickness due to interstitial growth, but at the same time the cycle 
of calcification of the cartilage, its death and replacement by bone, 
takes place on the diaphyseal side of the disc, which tends to reduce 
its thickness. In this way the length of the bone increases. 

In addition to increasing in length, the femur increases in width 
during the growing period. This latter process is achieved by new 
layers of bone being laid down on the outer surface of the shaft, while 
at the same time some bone is dissolved away from the inside 
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of the shaft. Thus, although the shaft as a whole becomes wider, 
its walls do not become too thick, and in fact the marrow cavity also 
widens. 

Usually the bone in the shaft of long bones is in the form of Haversian 
systems with interstitial lamellae. As the process of widening the bone 
slows up, the bone being laid down under the periosteum tends to form 
layers round the whole shaft, the so-called circumferential lamellae. 
Similar layers tend to form on the inner surface of the bone. 

Even after growth of the bone has ceased, there is continual replace- 
ment of the old bone by new bone—some of the Haversian systems 
die and others form, although probably not in the same position, to 
replace them. Parts of the older Haversian systems remain and they 
then form the interstitial lamellae between the new Haversian systems. 


I. 3. The inorganic constituents of bone 
The chemical and physical-chemical analyses of the mineral part of 
bone have not succeeded in identifying with any certainty the exact 
substance or substances present. That the main constituent is an 
apatite-like material is easily established; the difficulty arises because 
there are several closely related substances, viz. carbonate-apatite (the 
mineral dahllite), x-tricaleium phosphate, and hydroxyapatite, which 
would have the necessary properties for the bulk of the inorganic bone 


substance. 
The apatites are a class of minerals having a hexagonal crystal 


lattice, and certain atoms or groups of atoms can be substituted 
without altering the lattice to an appreciable extent. The one which 
has been studied in greatest detail is fluorapatite. Its structure was 
determined first by Naray-Szaso (1930) and independently by 
MEHMEL (1930, 1931). Their results were checked, and the atomic 
positions defined more exactly, by BEEvEeRS and McIntyre (1946). 
The size of the unit cell of the hexagonal crystal lattice is defined by the 
parameters a = 9-37 + 0-01 A, c = 6-88 + 0-01 A. The crystal units 
are composed of 10 Ca, 6 P, 2 F, and 24 O atoms (Ca,F),(PO,),Ca,. A 
long list of possible substitutions in the apatite crystal lattice is given 
by McConneE tt (1938). The fluorine atoms may be replaced by chlorine 
to give chlorapatite, or by hydroxyl ions to give hydroxyapatite. If 
varbonate groups are incorporated in the lattice of hydroxyapatite 
then a carbonate-apatite is produced, one such mineral (dahllite) being 
represented by the formula Ca,(OH),(P, C),0.,(Ca, C),. As is men- 
tioned later, some investigators suggest that the carbonate which is 
present in bone is incorporated in an apatite lattice, while others 
suggest that it is present as carbonate. Part of the difficulty in 
achieving finality in this field is that most methods used to identify the 
mineral substances in bone require that the bone be treated in a way 
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which might have the effect of causing changes in those substances. 
X-ray crystal-analysis methods are usually free from this criticism, 
but in the case of bone there are special difficulties attaching to the 
X-ray method. 
[. 4. The organic constituents of bone 

The fibrous organic material is collagen, which belongs to the group of 
fibrous proteins containing white connective tissue, tendons, cartilage, 
elastoidin, etc. The fibres of collagen are visible in the optical micro- 
scope with diameters ranging from 20 to 200”. These fibres can be 
seen to be divided into what are known as primitive fibres, which have 
diameters in the range 2 to 10 4. Primitive fibres have thinner com- 
ponents, fibrils, which may be too thin (a few hundred Angstroms) to 
be resolved in the optical microscope, and it is necessary to use an 
electron microscope. Fibrils, however, are composed of still thinner 
“filaments,” and it is the arrangement of the molecular polypeptide 
chains in these filaments which is revealed by x-ray diffraction studies 
on collagen. 

In addition to the fibrous material there is an organic matrix or 
ground substance. This matrix, which is more or less amorphous, 
contains mucopolysaccharides, e.g. hyaluronate, chondroitin sulphate, 
and acts as the cement between the collagen fibres. The crystallites 
of inorganic material are embedded in this substance. 


Il. X-Ray-DIFFRACTION MeTHODS 


The particular method used depends largely on the type of material, 
but to a certain extent it depends on the complexity of the crystal 
units. There are three main methods of x-ray diffraction, each having 


a distinct experimental technique. 


Il. 1. Powder method 


In this method the material investigated is usually in the form of 
microscopic crystals which are arranged in a random manner. (In 
bone, however, the crystals are too small to be seen with the optical 
microscope.) For example, two such materials are a metal wire which 
is normally composed of small randomly oriented crystals, and an 
inorganic crystal ground to a powder and then formed into a thin rod 
with some amorphous gum such as gum tragacanth. Each set of planes 
in the crystal lattice of each small crystal grain will diffract a narrow 
beam of x-rays in a given direction, and the angle which the diffracted 
beam makes with the incident beam depends on the spacing of the 
planes. This is stated in the Bragg diffraction law 


ni = 2d sin 0 
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when / is the wavelength of the x-rays, d is the spacing of the planes, 
and @ is the angle which the primary beam makes with the lattice 
plane (26 is the angle between the primary beam and the diffracted 
beam). 

A diffracted beam will be detected only when the angle @ is such that 
the above relation is obeyed. In a mass of small crystals randomly 
oriented there will be crystals in the correct orientation for every lattice 
plane and therefore, with an experimental arrangement such as that 
indicated in Fig. 1, each set of lattice planes with a spacing d will have 


Film 


Incident 





Xr ray beam | 





Fig. 1. Principle of x-ray diffraction with flat film. 


all possible positions around the primary beam and still make an 
angle § with it. Thus the diffracted beams for these particular planes 
will form a cone which has the direction of the primary beam as axis 
and an angle 26 as its semiangle. Since each set of planes will give rise 
to its own cone of diffracted rays, each with a different semiangle, the 
complete pattern of diffracted beams will be a series of cones all having 


the primary beam direction as axis and each with a discrete value of 


semiangle between zero and 180°. 

If a flat photographic film is arranged as in Fig. 1, so that its plane is 
perpendicular to the primary beam, the recorded pattern will be a 
series of circles with the point where the primary beam meets the film 
as centre. If D is the distance of the film from the specimen and RP is 
the radius of a given ring on the film, then tan 26 = R/D, and so from 
Bragg’s law we can get a value of d, the spacing of the lattice planes 
which gave rise to the particular diffracted beam. A flat film will only 
record the few beams which have a value of 26 below a certain value 
but, by surrounding the specimen with a cylindrical film, all the 
diffracted beams can be recorded. Since in this case only a strip of film 
is used, the record shows only parts of the circles shown on the flat 
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film. Since the size of the apparatus must be kept reasonable it will be 
seen that, if the crystal lattice is such that a very large number of 
planes can give diffracted beams, then the photographic record will be 
too crowded with lines for individual ones to be distinguished. Conse- 
quently it is not possible in general to use this method for crystal 
lattices other than the cubic and hexagonal ones. The information which 
can be obtained from powder diffraction diagrams varies a great deal, 
but the simplest and most important is the spacing of the lattice planes. 


II. 2. Single-crystal method 

When the material to be investigated exists as single crystals, then the 
individual beams diffracted from each set of planes of the lattice can 
be studied and complicated lattices can be investigated as well as 
simple ones. In order that each set of planes can be oriented to the 
primary beam so that the Bragg equation is satisfied, it is necessary to 
turn the crystal about an axis. As each set of planes of the lattice 
comes into the diffracting position the diffracted beam will make the 
appropriate angle 26 with the primary beam but, in order to record 
them all with one crystal setting, it would be necessary to have a 
spherical film surrounding the crystal. In practice it is usual to have a 
cylindrical film approximately 3cem diameter and 12cm long; the 
crystal is then mounted about two or more axes in turn so that all the 
diffracted beams will be recorded. In this method it is possible to 
identify each diffracted beam and to measure the spacing of the 
corresponding planes but, more important, it is possible to measure the 
intensities of the beams. From the intensities it is possible to deduce, 
in many cases, the positions in the crystal lattice of the individual 
atoms of the substance. Several refinements of the single-crystal 
method have been devised in which the films are moved relative to the 
specimen while the exposure is being made. These are to simplify the 
interpretation of the pattern of spots which appear on the films. With 
a moderately sized lattice-unit cell in the monoclinic crystal system 
there may be as many as 3000 separate and distinct diffracted beams 
when copper K, radiation is used. 


Il. 3. Fibre diagrams 
In this case we have material which is usually much less crystalline 
than either a powdered crystal or a single crystal, but which gives an 
x-ray diffraction pattern which is in many respects half way between 
the powder diagram and the single-crystal one. If, for example, a 
metal wire is used as a specimen, it normally gives a powder diagram 
(of uniform circles if recorded on a flat plate); but if it is stretched 
many of the circles cease to be uniform and consist of “arcs” of high 
density separated by regions of low density. This shows that the 
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Fig. 2. Section-cutting machine; close-up view of cutting wheel. 








PREPARATION OF MATERIAL 


minute crystals have been oriented within the wire so that one direction 
in the majority of them is along one direction of the wire. In other 
words they have a “preferred orientation,’ and in respect of one axis 
they are behaving as a single crystal would behave. In the plane 
perpendicular to this direction the crystals are still oriented in a random 
manner. The inorganic crystals in bone show this kind of diffraction 
pattern, but it is the organic material which shows the pattern more 
usually associated with the description “‘fibre diagram.” In this kind 
of material the degree of crystallinity is of a low order and the diffrac- 
tion diagram only extends to a low value of 24, and usually consists of 
a few ares or diffuse spots which indicate the presence in the specimen 
of regularly repeating units in certain directions rather than a truly 
three-dimensional crystal lattice. A review of the theory underlying 
the interpretation of x-ray fibre diagrams has been published recently 
by STokKes (1955) who gives some excellent examples of typical dia- 
grams. In the same article is a brief introduction to the fundamental 
ideas of x-ray diffraction, and reference should be made to it if a fuller 
description than that given above is required. 


[Il. PREPARATION OF MATERIAL 


III. 1. Untreated bone 


In the case of all but the smallest bones it is necessary to reduce the 


specimen to the form of a plate or section of approximately 0-1 mm 
thickness. The reason for this is that, for x-rays of the wavelength 
normally used (4 = 1:54 A for Cuke« radiation), bone has a high 
absorption coefficient. It is desirable that the thickness of the specimen 
should be 1/u where y« is the linear absorption coefficient and the 
optimum thickness for bone is therefore approximately 0-1 mm. In 
the past it has been customary for chips of bone to be ground by hand 
to the required thickness, but a much more satisfactory method is to 
cut sections. If the bones under investigation are small, it is advisable 
to embed them in some plastic material but, with larger bones, sections 
may be cut without any previous preparation. The machine used for 
this purpose by the present authors is based on one developed by 
ATKINSON (1950) for cutting sections of teeth for optical microscope 
examination. 

The sections are cut by means of a thin Carborundum Brand silicon 
carbide rubber-bonded grinding wheel which is rotated at high speed. 
ATKINSON found that, in order to cut sections of the order of 25 u 
thick, it was advisable to use a speed of 12,000 revs. per minute with 
a 3-inch-diameter wheel; but although we have used a speed of 7000 
revs. per minute for much of the work on x-ray diffraction, it is not 
necessary to use a speed greater than 3000 revs per minute in order to 
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cut sections of 0-1 mm thickness. The wheels (in thicknesses from 
0-005 in. upwards) are made specially for this purpose by The Car- 
borundum Co. Ltd. The thinnest wheels are rather fragile, but we have 
experienced very little difficulty in use if they are supported on the 
spindle by being clamped between discs of aluminium or brass with a 
thick washer of hard rubber on each side. The clamping discs and 
washers are of 2-4 in. diameter so that the maximum thickness of speci- 
men must not be more than 0-25 in. This is easily achieved by cutting 
larger specimens into small pieces. The specimen is fixed by means 
of a suitable adhesive to a square perspex rod which is held in the tool 
holder of a compound slide taken from a small lathe. By means of 
these slides the specimen can be moved in two directions, one parallel 
to, and one perpendicular to, the plane of the cutting wheel. The thick- 
ness of the section is governed by reading a spring-loaded dial gauge 
attached to the cross-handle. The gauge reads to 0-0001 in. 

The heavy spindle carrying the cutting wheel runs in a massive 
bearing which, together with the cross-slides, is bolted to a thick iron 
plate so that no relative motion of the parts can take place. The motor 
is mounted separately and a pulley and belt are used to drive the cutter. 

If the machine is to be used for cutting sections of 50 yw or less, then 
it is necessary for all the parts, and especially the slides, to be made 
very carefully indeed; but standard slides from a small lathe are 
adequate for the sections needed for x-ray diffraction. 

Water is used as a lubricant and for cooling the cutting wheel; two 
jets of water from a constant-level storage tank are allowed to play on 
the wheel, one on either side. The wheel and specimen are surrounded 


by a perspex box in which excess water collects to a depth of 1 in. 
before being piped to a sink. The sections are usually allowed to fall 


into the water, from which they can be recovered. 

A machine, which uses screw slitting cutters, for cutting bone sections 
of thickness 80-150 , has recently been described by Jowsgy (1955). 
It has been pointed out, however, by the present authors (CLARK and 
IBALL, 1955), that the thin Carborundum wheels cause the loss of only 
0-005 in. of material whereas the cutters used by Jowsey are 0-02 in. 
thick, and this thickness of specimen is lost for each section cut. 

Sections of large bones can be cut without any preparation apart 
from making the blocks of bone small enough. For small bones, 
however, it is necessary to embed them in some suitable plastic. The 
use of methyl-methacrylate for embedding is well established, and it 
provides a suitable specimen for cutting bone sections. However, it 
is rather troublesome to prepare, and polymerization is very slow. 
The present authors have preferred a cold-setting polyester, ““Marco 
Resin.”” There are only two constituents, the specially prepared resin 
mixture and a liquid hardener. These are quite stable and they only 
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need mixing immediately before use. Polymerization takes place at 
room temperature in a few hours. The polymerized material is not as 
hard as methyl-methacrylate, but for section cutting this is rather an 
advantage since the thin section does not break so easily. It is not 
necessary to dehydrate the bones when using this embedding plastic.* 


ITl. 2. Methods of treating bone specimens in order to 

improve the diffraction diagram 
The x-ray diagram from the whole bone is very unsatisfactory in many 
ways if it is desired to make accurate measurements of the lattice 
spacings. The rings are broad and only those rings which occur at low 
values of glancing angle 4 (see II.1) are measurable. Dawson (1946) 
showed that an improved pattern was obtained if the organic matter 
was removed by boiling the bones in water for 24 hr and then sub- 
jecting them to trypsin digestion at pH 8 for 4 to 5 days. BreauLrEeu 
et al. (1950) pointed out, however, that the effect noticed by Dawson 
was produced by the boiling in water alone. This is the conclusion 
reached by the present authors. The improvement in the pattern 
produced by boiling is not easy to explain, since it is unlikely that any 
appreciable growth of crystals would take place at 100°C. Some 
change in the “‘content”’ of the crystal lattice could take place with the 
prolonged boiling, and it may be that the crystals in normal whole 
bone are to a slight extent ‘‘incomplete’’; in other words there may be 
lattice defects which are partially rectified during the boiling. The 
effect on the x-ray diagram would be analogous to the change produced 
in the diagram of a metal when strains are removed by suitable heat 
treatment. 

Although the effect of boiling is quite marked, a much greater 
improvement can be produced by calcining the bone. This can be 
done with a section, leaving the macroscopic shape unaltered if the 
heating is done carefully and gently. Alternatively the calcined bone 
can be powdered and treated as any other powder specimen. It may 
be that in the former case the organic matter is not completely removed 
but the heating is sufficient to produce a marked improvement in the 
diffraction pattern. In the latter case the best method is probably to 
mix the powdered bone with gum tragacanth and a little water. The 
paste can then be rolled into a rod (0-25 mm diameter) for insertion in 
the specimen holder of a standard powder X-ray camera. This kind of 
treatment produces the best x-ray diagrams of the inorganic consti- 
tuent, and it is these which are almost indistinguishable from that of 
the mineral apatite. However, as many investigators have realized, it 
is no longer an X-ray diagram of bone but of something produced, by a 

* The “Marco”? embedding mixture was supplied by E. M. Cromwell & Co. Ltd., 
Galloway Road, Bishop’s Stortford, Herts. 
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rather drastic treatment, from the inorganic chemical found in bone. 
There is no doubt that, as the earliest worker in this field pointed out 
(DE JONG, 1926), the crystals in calcined bone are much larger than those 
in normal bone; but it is still uncertain what other changes take place. 


IV. Resvts 

It is not proposed to review all the hundreds of papers which have been 
published on this subject, but rather to attempt an assessment of the 
present position. There are five main divisions or topics under which 
the results obtained from x-ray diffraction can be discussed; the size 
of the inorganic crystallites, identification of the inorganic con- 
stituents, orientation of the inorganic crystallites, changes of structure 
due to age, and changes due to disease. 


IV. 1. The size of the crystals of the inorganic constituent 

It is not possible to see individual crystals in sections of bone under 
the ordinary microscope: and the effect of this small size, on x-ray 
diffraction diagrams, is to cause a broadening of the lines. This 
diffuseness is the reason why it is so difficult to provide an unequivocal 
decision on the exact nature of the crystals. The diffraction lines 
which occur at low values of the angle @ (see II.1) are diffuse but they 
are measurable, whereas the lines which should occur at higher values 
of # are merged into the background. There is no doubt that most of 
this diffuseness is due to the small crystal size, but it is not certain that 
no other factor is involved. As pointed out earlier (III.2), it is possible 
to produce a very marked improvement in the sharpness of the lines 
by boiling bone samples. No evidence has been forthcoming that a 
mineral type of crystal will grow at a temperature of 100°C, although 
most writers on the structure of bone have assumed that bone crystals 
do grow under these conditions (CARLSTROM, 1955). 

It is suggested that in normal bone the crystals are not complete but 
that the lattice, of an apatite type, has defects or sites not occupied by 
an atom orion. The lattice may be ‘‘collapsed”’ to a very slight extent, 
and the effect will be to destroy the regularity of the repeat pattern of 
the crystal which will result in diffuse diffraction lines. Planes in the 
lattice of large spacing (low values of 6) will be least affected. At 
present this is speculation and, until experiments are devised to test it, 
one must assume that the diffuseness of the lines is due to the smallness 
of the crystals. 

It is possible to calculate an approximate size for the crystals from 
measurements on the width of the high-angle diffraction lines and from 
measurements of the diffuse low-angle scattering. The values obtained 

rary, but the most recent estimates, obtained from the low-angle 
diffuse scattering, are 210 x 75 A (ENnesrrOm and Frvnan, 1953; 
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220 x 65 A (CARLSTROM and FINEAN, 1954); 230 + 20 A for the 
length (CaRLSTROM, 1955). 

The electron microscope has been used to estimate the size of bone 
crystals, and the results do not agree with those given above. Rostn- 
SON (1951, 1952) used bone (fresh or autoclaved) which was first thinly 
sliced and then treated in a Waring blender for ten minutes (ROBINSON 
and BisHop, 1950). Rosrnson’s estimate of the average crystal size 
was 500 x 250 x 100 A, and a later estimate by Rosinson and 
Watson (1952, 1953) is 350-400 A for length and width, with 
25-50 A for the thickness. 

Electron microscopy seems to give a larger size than x-ray diffraction, 
and this would be expected if the suggestion put forward above, that 
the diffuseness of the x-ray diffraction lines is partly due to “‘strain” 
in the crystal lattices, is correct. On the other hand, estimates of size 
of this order of magnitude with the electron microscope must be treated 
with some reserve. The heating of the specimen by the electron beam 
could cause growth of the crystals, and in addition the calibration of 
the electron microscope cannot always be relied upon (BRADFORD and 
VANDERHOFF, 1955). 


IV. 2. Identification of the inorganic constituent 
This should normally be a relatively simple matter since the x-ray 
diffraction pattern of a crystal is unique, and it is only necessary to 
measure the lines of the pattern on an x-ray powder diagram and com- 
pare the results with those from a sample of the pure substance. The 
x-ray patterns from several thousand substances have been listed in 
a card index known as the A.S.T.M. Index, and identification of sub- 
stances by this means is a standard and straightforward procedure. 
The difficulty with bone arises from the fact that the lines are so diffuse 
and that there are very few. If the bone is subjected to any treatment 
such as heating in order to improve the diffraction diagram, then it is 
not possible to be absolutely certain that no change has taken place. 

The similarity between the structure of bone crystals and the 
apatite minerals was noticed from the earliest investigations with 
X-rays (DE JonG, 1926). Later RoseBperry, Hastines, and Morse 
(1931) decided that the mineral dahllite (carbonate-apatite) most 
closely resembled the structure of bone, and they considered that 
secondary calcium phosphate (CaHPO,) and CaCO, were not present 
as such in bone. 

At a conference held at the beginning of 1950, ARMSTRONG (1950) 
attempted to collect and assess the various suggestions which have been 
put forward concerning the composition of the bone salts. However he 
could make no more definite a statement than that “‘the principal 
constituent of the bone salt is a calcium phosphate which has a space 
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structure resembling that of the earth apatites. This may be the 
material called «-tricalcium phosphate, or it may be hydroxyapatite.” 
Of the carbonate present in bone he said that probably most of it is not 
directly built into the phosphate molecule, and that this equally 
applies to the citrate in bone. No considerable advance on this position 
is possible today. 

At present there are three main schools of thought which claim that 
the inorganic constituent of bone is: 


(i) « tricalcium phosphate together with free carbonate, 
(ii) carbonate-apatite, 
(iii) hydroxyapatite with carbonate adsorbed on the surface of 
the crystals. 


The three leading supporters of each suggestion (i) DALLEMAGNE 
(1952), (ii) McConnety (1952), and (iii) HENDRICKS (1952) reviewed 
the evidence for their own point of view at a conference in 1952. The 
evidence in all three cases is partly based on x-ray diffraction studies, 
but a great deal of chemical and physical-chemical research using many 
techniques has also been done. The x-ray diffraction evidence for each 
suggestion can be summarized as follows. 

(i) DALLEMAGNE (BRASSEUR, DALLEMAGNE, and MELon, 1946) 
claims that the x-ray diffraction pattern of « tricalcium phosphate 
and the pattern of bone salt are identical. However, this is of a limited 
value since « tricalcium phosphate is isomorphous with hydroxyapatite 
and would have the same x-ray diffraction pattern in so far as the 
position of the lines is concerned. Small differences in the intensities 
would be present, but the pattern from bone salt is so lacking in 
definition that inaccuracies in measurement would swamp any real 
differences. It may be that, by using the more accurate techniques of 
electronic counters for measuring X-ray intensities, discrimination 
between the various isomorphous substances in this group will be 
possible. DALLEMAGNE (BRASSEUR, DALLEMAGNE, and MELon, 1946) 
believes that the bone salt in normal bone is « tricalcium phosphate 
and that, when the bone is heated, this is transformed into carbonate- 
apatite. The marked improvement in the sharpness of the diffraction 
lines after heating is attributed to the larger crystals of carbonate- 
apatite. Apart from chemical evidence, some more convincing data 
supporting Dallemagne’s suggestion is provided by measurements of 
refractive indices. DALLEMAGNE (1945) and DALLEMAGNE and MELON 
(1944) found that the refractive indices of bone salts, and of dentine, 
were the same as that of a mixture of 90 per cent pure « tricalcium 
phosphate and 10 per cent calcium carbonate, viz. 1-590. After 
ignition of bone and dentine the refractive index changed to 1-649, 
which is the same as that of carbonate-apatite. 
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Strong support on chemical evidence for the above has been provided 
by CARTIER (1948a, 1948b, 1951), and BarRRavup and CaRTIER (1951). 
On the basis of these studies CARTIER came to definite conclusions 
regarding the composition of bone salt, and gave the following table: 


Oo 
a) 


x tricalcium phosphate . : . 74:6 
calcium carbonate ° . 10-4 
calcium citrate : ; ; <p 
trimagnesium phosphate . 0-93 
magnesium carbonate. 1-03 
disodium phosphate : 2-46 


ot Protein. 8-76 
The last item, 8-76 per cent, remains in the bone when it is treated with 
acid, and according to CARTIER it corresponds to a combination of the 
radicals Ca++ and PO, with the organic matrix of bone. 

Although the conclusions of DALLEMAGNE and CARTIER have been 
criticized, e.g. BRANDERBERGER and SCHINZ (1948), SOBEL (1952), it 
can be stated that the evidence from x-ray diffraction is not incon- 
sistent with them. 

(ii) One of the earliest suggestions that the carbonate was included 
in the apatite-like lattice was put forward by RoseBERRy, HAstTINes, 
and Morse (1931) who, as stated above, decided that the bone diffrac- 
tion pattern resembled dahllite more closely than any other apatite. 
BoceErt and Hastin@s (1931) supported this, and GRUNER, McCONNELL 
and ARMSTRONG (1937) showed how the carbon atoms could take the 
place of calcium and phosphorous atoms in the apatite lattice. A 
detailed discussion on substitutions in apatites is given by McCONNELL 
(1938). These authors seem to agree that the main part of bone salt 
can be represented by a substance having an apatite-like lattice with 
a formula (OH),Ca,{{(P, C)O,}, (Ca, C),4], ie. the crystals have the same 
structure as hydroxyapatite, but with some of the Ca and P sites in the 
lattice occupied by C atoms. There is, however, considerable doubt 
whether so-called carbonate-apatite minerals are really single phases 
or very intimate mixtures of microcrystalline fluorapatites and extremely 
small particles of CaCO, (CARLSTROM, 1955). 

(iii) KLEMENT (1929) and KLEemMeENT and TROMEL (1932) suggested 
that the x-ray diffraction pattern of bone salt most closely resembled 
that of hydroxyapatite. More accurate measurements (CARLSTROM, 
1955) indicate that the lattice spacings of bone salt agree better with 
those of synthetic hydroxyapatite than with any other of the substances 
proposed. 

The surface area of the inorganic crystallites is so large that adsorp- 
tion on their surfaces of carbonate and other ions could readily take 
place. Henpricks and Hix (1950, 1951) considered this aspect very 
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carefully, and came to the conclusion that the bone crystals consisted 
of a neutral calcium phosphate, probably hydroxyapatite, with 
carbonate, citrate, sodium, and magnesium ions adsorbed on their 
surfaces. The actual surface area involved has been estimated to be 
more than 100 acres in an adult man (NEUMANN and NEUMANN, 1953). 


TABLE 1 
Interplanar Spacings observed by Several Investigators for Bone Sections 


and Powdered Bone 


Bone sections Powdered bone 


». 
». 
». 
». 
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“45 
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‘02 


= CLrarK J. H. (1931) G = ENn@strOM and ZETTERSTROM (1951) 
CLarRK G. L. and Mreupicu (1934) H = Present authors 
= Reep and REEp (1942a) I = RoseBerry et al. (1931) 
= Henny and Sprecet-Apor (1947) J = REED and REED (1942a) 
] = BE L et al, (1947) K = Present authors 
= Enestr6m and ZETrerstrOM (1950) 
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It seems most probable that the inorganic constituent of bone is not 
a single chemical substance of fixed composition, but that most of it 
consists of crystals of a calcium phosphate closely resembling hydroxy- 
apatite and/or « tricalcium phosphate, both in structure and composi- 
tion. These crystals will differ slightly in composition from time to 
time in the same bone, and from one bone to another. There seems to 
be no other explanation of the differences of spacings found by different 
investigators, since these differences are larger than the experimental 
errors. A comparison is given in Table | of the lattice spacings for 
normal bone, both as sections and powdered specimens, found by 
several investigators. Even if allowances are made for the variation 
of definition of the lines on the photographs, the differences shown are 
greater than expected. A careful investigation with one of the recently 
developed precision x-ray diffractometers using Geiger-Miiller counters 
would probably make possible a definite conclusion on these points. 























Fig. 3. Diagram of hexagonal crystal showing unit-cell axes. 


The spacings given in columns H and K of the above table were 
found to be consistent with a hexagonal unit cell of dimensions 
a = 9:37 A, c = 6-88 A. The a axis is the radius of the hexagonal base 


of the hexagonal prism and c is the height. 

Values for the unit cell dimensions of bone found by other investi- 
gators are listed by CarLsTROM (1955) and vary from 9-29 to 9-50 A 
for a and from 6-87 to 6-96 A for c. Precision measurements by CaRL- 
STROM on bone powder heated to 900°C for 2 hr gave: a = 9-421 4 
0-002 A, c = 6-882 + 0-002 A: and he found the following values for 
tooth enamel treated in the same way, a = 9-429 + 0-002 A, 
c = 6-884 + 0-002 A. 
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The crystallites in bone appear to be tabular in form as stated above 
(IV.1) with the long axis of the crystallite parallel to the ¢ or vertical 
axis of the hexagonal prism which forms the unit cell of the crystal 
lattice. 


IV. 3. The orientation of the inorganic crystallites 


IV. 3. 1. General 
There is considerable confusion and some direct contradiction in the 
literature regarding the way in which the submicroscopic inorganic 
crystals in bone are aligned with reference to the shape of the bones or 
to the direction of the organic fibres in the bone. Some of the confusion 
is undoubtedly due to the different methods of preparing specimens 
and to different techniques of taking x-ray diffraction photographs. 

As regards the preparation of material for studies of orientation, it is 
essential to have some method of cutting thin sections with means of 
orienting the bone precisely with reference to the cutting tool. If the 


specimens are small it is necessary to embed them in some transparent 
medium before attempting to prepare sections. The technique employed 
by the present authors and described in I[II.1 has proved very satis- 


factory over several years. 

The essential point in connection with the x-ray diffraction technique 
is that the beam of x-rays should be very small in cross-section, or in 
other words the area of specimen investigated must be small. 
Extremely narrow beams are not always necessary, but in general the 
beam should not be larger than 0-1 mm diameter at the specimen. 
With small beams of 0-1 mm or less, it is necessary to use a miniature 
x-ray diffraction camera, and the one described by CHESLEY (1947) is 
very suitable for this purpose. The camera used by the present authors 
was specially constructed on the basis of the CHESLEY camera. It had 
lead collimators of 0-1 mm, and specimen-to-film distances of 0-5, 1-5, 
2-0, and 2-5 cm respectively. Such cameras are available commercially 
now, and can be fitted with lead-glass collimators giving x-ray beams 
of 0-1 mm, 0-05 mm, or less. With the recent development of micro- 
focus X-ray tubes, miniature cameras can be employed to great advan- 
tage with a considerable reduction in exposure time. The X-ray 
diffraction photograph obtained from a section of a long bone such as a 
femur shows the pattern known as a “‘fibre’’ pattern which, as is 
explained in II.3, is intermediate between those given by a single 
crystal rotated about a principal axis of the crystal lattice and a poly- 
crystalline powder in which the crystallites are oriented randomly. 
This “fibre” diagram from long bones is due to the fact that the 
majority of the submicroscopic crystallites are oriented with the c 
axis of the hexagonal lattice parallel to the length of the bone. Such a 
photograph is shown in Fig. 4. This orientation is shown most clearly 
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Fig. 4. Typical x-ray diffraction photograph of longitudinal section from 


the femur of a rat three months old. MoA«~ radiation. 
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by the inner ring on the photograph. If the crystallites are oriented so 
that the basal plane (002) of the hexagonal prism is almost horizontal, 
then they will be in a position to reflect more x-rays to the vertical 
segments of the (002) ring on the film than to other parts. This is what 
has happened in the case of Fig. 4. The other rings do not show this 
effect so clearly in the reproduction, but in the original photographs 
many of the rings can be seen as “‘arcs’’ only and not complete rings of 
uniform density. Fig. 5 is a drawing of a typical photograph which 
shows the effect actually observed. 

Some of the early workers who investigated pieces of whole bone 
came to the conclusion that the inorganic crystals were not oriented 
in any preferential manner, e.g. HENSCHEN, STRAUMANN, and BUCHER 


Fig. 5. Diagram of a typical x-ray diffraction photograph of a normal adult 
bone. The appearance of incomplete rings indicates orientation of the crystal 
lites in certain preferred directions. 


(1932). However, there can be no doubt now that in long bones the 
inorganic crystallites are arranged preferentially with the c axis of the 
unit cell parallel to the direction of the collagen fibres (ENGSTROM, 
ENGFELDT, and ZETTERSTROM, 1952; Korsi, 1941; JENSEN and 
Mo.LueR, 1948; LamMarQue, 1943; and Reep and Reep, 1942). 
The electron-microscope studies by Rosinson and his colleagues 
confirm the finding of FrIvEAN and Ene@stROm (1953) that the long axis 
of the crystallites is, more often than not, parallel to the collagen fibres 
(Rosprinson, 1951; Ropryson and Watson, 1952). 

Several groups of workers have attempted to find out if mechanical 
forces acting on the bones have been responsible for the preferred 
orientation of the inorganic crystallites. In this connection RrEp and 
REED (1942) compared the diffraction patterns from bones which had 
been subjected to muscular activity (tibiae) and those which had not 
(skull bones). In both cases the diffraction patterns showed the usual 
arcing of the diffraction rings, and they therefore concluded that the 
preferential orientation of the crystals in bone is not due to muscular 
activity. LAMARQUE (1943) also investigated this problem, and he did 
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not find any direct relation between the mechanical role played by 
each part of the bone and the orientation of the crystals in that part. 

On the other hand, the opposite conclusion was reached by 
CaGuLioTTr and GIGANTE (1936), and by Henny and SpreGEL-ADOLF 
(1945, 1947). Cagiiorri and GiGanTE found that in the long bones, i.e. 
the weight-bearing bones, the orientation was clearer at an earlier stage 
of development than in the parietal bones which had merely the function 
of protection. To study this problem Henny and SpreceL-ADOLF used 
two kinds of fish ribs which were approximately at right angles to each 
other. They found that only one of these sets of ribs showed preferential 
orientation of the inorganic crystals, and they concluded that orienta- 
tion of the crystals in bone must be related to the functional role of 
the bone. 

This question has been settled in a convincing manner by ENGSTROM 
and AmpRINO (1950). They succeeded in completely immobilizing one 
of the legs of a dog for a time which was sufficiently long for all of the 
material in the compacta of the bones to have been laid down during 
the period of immobilization. When x-ray diffraction patterns of bone 
from the normal and inert limbs were compared they were found to be 
identical. It therefore appears that the ultrastructure of bone is 
independent of the forces acting on the bone. 


IV. 3. 2. Effect of age on orientation 


Very few results have been reported regarding the changes which take 


place, or do not take place, in orientation as the age of the bone changes. 
ENGSTROM and ZETTERSTROM (1951) stated that they observed no 
changes in either lattice spacings or orientation with age. 

In order to investigate this question of orientation more systemati- 
cally, the present authors examined the femora of a pure strain of white 
Wistar rats.* 

A large number of rats of different ages was obtained by breeding 
from one or two pairs. Immediately after each of the rats was killed 
its two femora were removed and cleaned of adhering tissues. The ages 
of animals ranged from birth to 475 days. It was found that no change 
could be detected in the lattice spacings of the different bones, but there 
was a marked change in the orientation. 

Longitudinal sections of the femur were cut as shown in Fig. 6, from 
the midsection in the case of older bones and from the whole bone in 
the case of very young ones. 

It was found that with rats up to approximately 3 days from birth 
no preferred orientation of the crystallites could be detected. After 
3 days slight orientation appeared, and this increased until at about 

* We are indebted to Professor A. Happow of the Chester Beatty Research Institute 
for a supply of these rats. 
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Fig. 7. X-ray diffraction photographs from longitudinal sections from mid- 


shafts of rat femora. (a) 3 days old, (4) 155 months old. Note the incomplete 


(002) ring in (6) showing orientation; whereas in (a) the rings are complete 


indicating no orientation. There is an additional diffuse ring in (qa). 
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13 days the orientation was as marked as in adult bone. In the very 
young bones an extra diffuse ring appeared inside the (002) ring of 
the inorganic crystal pattern. Fig. 7 shows the change which occurs. 

Following these results a further investigation was carried out to see 
whether bones from different species of animal would behave in the 
same way. The femur of newborn golden hamsters gave a similar result. 


No orientation at birth was observed, but marked orientation appeared 
afterwards. Guinea-pigs on the other hand were different. The femur 
showed orientation at birth. Only a few specimens of the hamster and 
guinea-pig were examined, but an extensive investigation was carried 


out on human bones. 


2 Mitt iiiirrree. " 


nN 


NN | 


Fig. 6. Outline of a cross-section of a femur showing the way in which 








longitudinal sections were cut. 


Human bones, ranging in age from newborn to adult, and in addition 
human foetal bones, from approximately two months’ intrauterine 
development, were studied in the same way as were the rat bones 
described above. As far as lattice spacings were concerned no difference 
was detected between bones of different ages, nor was there any differ- 


ence between human bones and rat bones. All these results refer to the 


femur. 

Newborn human femora showed marked orientation of the crystallites 
so the examination of foetal bones was carried out to find out whether 
there was any stage in their development at which the crystallites 
were randomly oriented. (The ages of the foetal specimens were esti- 
mated from the probable date of conception and the C.R. (crown-rump) 
length of the foetus.) The number of specimens was necessarily much 
smaller than with rats. They fell into the following age groups: (a) 
2 of about 2 months’ development, (6) 3 of 3 months, (c) 1 of 3-5 months, 
(d) 3 of 4 months, (e) 2 of 4-5 months, and (f) 3 of 5 months. 

With these foetal bones the same kind of change in the orientation 
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was observed. Up to about 4 months’ development no appreciable 
orientation could be detected, at 4:5 months specimens showed slight 
“arcing” of the (002) ring on the photographs, and in the case of those 
of 5 months’ development the orientation was quite marked. In fact 
the degree of orientation at 5 months’ intrauterine development was 
almost the same as in an adult bone. 

At 7 to 8 weeks’ development the bones are soft, and it is only a very 
small portion of the midshaft of the femur which is ossified, the rest of 
the bone being modelled in cartilage. The diffraction pattern of a human 
femur of that age is very similar to that of a rat femur 3 days after 
birth. It shows no evidence of inorganic crystal orientation, and it has 
the diffuse inner ring which corresponds to a lattice spacing, or repeat 
distance, of 4 to 5 A. 


IV. 3. 3. Variation of orientation along the length of the bone 


Several investigators, e.g. CLARK and Mreupicu (1934), and BELL, 
CHAMBERS and Dawson (1947), have pointed out that the degree of 
orientation of the inorganic crystallites appears to vary at different 
positions along the length of long bones. No details were given in 
their papers, however, particularly about the relative length of the 
bones in which orientation existed. The present authors therefore 
decided to examine longitudinal sections of bone to clear up a number 


of points in this connection. 

Adult rat bones were first studied. X-ray diffraction photographs 
were taken at different points along the length of each longitudinal 
section, and it was found that near the ends of the bones (the meta- 
physes) no orientation was observed, but as the midshaft was 
approached the orientation appeared. With rat femora of all ages in 
which orientation appeared at all it was found in at least one-third of 
the length of the bone, this being the middle portion of course. Typical 
examples were as follows: (a) 9 days old, total length 7-1 mm, orienta- 
tion present over the middle 3 mm; (+) 15 days old, total length 15 mm, 
orientation present over 6mm. There did not appear to be any 
gradual lessening of the degree of orientation as the area examined 
(0-1 mm diameter at 0-5 mm intervals) moved from the middle towards 
the epiphyses. Two areas only 0-5mm apart would be found, one 
showing the same orientation as the middle of the bone and the other 
no orientation at all. A corresponding examination on human bones 
gave the same result. 

In addition to the above investigation on bones which show orienta- 
tion a similar study was made at different points along the length of 
sections of bones which did not show orientation in the middle portion 
of the shaft. For example, x-ray diffraction photographs were taken at 
0-5 mm intervals along the length of sections of a bone from a human 
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(b) 


Fig. 8. X-ray diffraction photographs from midshaft of femur of rat 4 months 


‘ 
old. (a) cross-section, (6) longitudinal section. Note that in (a) the (002) ring 


is relatively weaker than in ()), but it shows that orientation is present. 





Fig. 9. Photomicrograph of a cross-section of the femur of a rat 4 months old, 


showing the spot of li 


sht which indicates the area to be irradiated by X-rays. 





RESULTS 


foetus of 3 months’ development. None of the photographs showed any 
appreciable orientation. 


IV. 3. 4. Cross-sections of long bones 

Among the relatively few papers which mention x-ray diffraction 
studies of cross-sections are those of CLARK (1931), CLARK and Mreu- 
picH (1934), Henny and SpreceL-Apour (1945), and Enastr6om and 
ZETTERSTROM (1951). All these authors state that no orientation was 
observed in cross-sections of bones, but no details are given; the 
reference is usually a single sentence such as ‘In cross-sections no 
orientation was observed” (En@stroOmM and ZeTrerstROM, 1951). 
None of them apparently used a section-cutting machine and, since the 
preparation of satisfactory cross-sections without such a machine is 
extremely difficult, it is perhaps not surprising that little attention 
has been paid to them. 

The present authors have made a systematic investigation of cross- 
sections (CLARK and [BALL, 1954) prepared with the aid of the section- 
cutting machine described above (LII.1), and the results contradict 
previous statements in regard to orientation. Fig. 8 shows for com- 
parison diffraction photographs of a longitudinal section and of a cross- 
section of the same bone. From these photographs it was clear that (1) 
the same diffraction rings appear on both and they are in the same posi- 
tions, (2) the relative intensities of the rings are not the same on both. In 


particular the (002) ring is much less dense in relation to the uniformly 
dense diffuse ring; and so also, but less noticeably, are the (202), (113), 
and (004) rings. (3) The (002) ring shows “‘arcing”’ on the cross-section 
photograph as well as on the longitudinal section one. This indicates 
that, of those crystallites which have their c axes perpendicular to the 
length of the bone, a majority are arranged parallel to one direction in 


the cross-section. 

In the case of longitudinal sections the direction of orientation of the 
inorganic crystallites is always related to the collagen fibre axis which 
is parallel to the length of the bone. With cross-sections there is no 
obvious direction to which the direction of orientation could be related. 
The sections were mounted on the x-ray camera, and a strong beam of 
light shone through the collimator. A low-power photomicrograph was 
taken before each x-ray exposure so that the position of the x-ray 
beam with reference to the specimen was known (see Fig. 9). In 
addition, the position of the specimen with relation to the camera and 
therefore with reference to the film was known. Consequently it was 
possible to determine how the direction of preferred orientation as 
shown on the film was related to the shape of a particular specimen. 
The results of a large series of photographs at different points 
around the cross-sections show quite clearly that the crystallites are 
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preferentially oriented with their ¢ axes approximately tangential to 
the surface of the bone. Fig. 10 is one example of the results obtained. 

This diagram is a tracing from a photomicrograph of the cross-section 
of the femur of a rat 10 days old. The points on the section where 
x-ray diffraction photographs were taken are marked with small circles. 
Radial lines are drawn, from each of these points, perpendicular to the 
tangent to the surface near to the points. Then the direction of 
orientation (of the c axis of the crystals) is indicated by short lines at 


> 


(@) O'l cm 
enaicaa 


Fig. 10. Outline of a cross-section of the femur of a rat 10 days old showing the 
points at which the diffraction photographs were taken and the corresponding 
directions of preferred orientation of the ¢ axes of the crystallites. 


the end of the radial lines. The angles between the direction of orienta- 
tion and the corresponding radial line in this particular section varied 
between 86° and 90° for positions marked | to 8. Sections from rat 


bones aged 10 days to 10 months were examined in this way and in 


every section orientation similar to the above was found. 


IV. 4. Changes in structure due to disease 

Considerably more work has been done on rachitic bones than on bones 
affected by any other pathological condition, but almost every disease 
of bone has been examined to try and find a correlation between 
change of structure and pathological change. Each disease will be 
reviewed separately. 

IV. 4. 1. Rickets 

SHAUMANN (1932) reported that with rachitic bones the diffraction 
lines due to the organic matter were of greater relative intensity than 
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with normal bones. This result has not been confirmed. SaupsE (1934) 
also commented on the pattern from the organic component of bone, 
and he suggested that the broad diffraction lines which he observed 
were due to extra water in the rachitic bones. CLARK and Mreupicr 
(1934) claimed that the degree of orientation in rachitic bones was 
appreciably less than in normal bones. Results which confirmed this 
disorientation of the inorganic crystallites were reported by Rrep and 
REED (1942a, 1942b), and the same authors in a later paper (1945) 
stated that they had improved the technique and had found that the 
difference between normal and rachitic bones was more definite than 
their earlier results had indicated. In their experiments Rrep and 
REED used the cortices of the tibial midshafts of rats. They claimed 
that the degree of orientation was significantly less than normal in the 
bones of rats on a rachitogenic diet, and that the degree of orientation 
increased when the animals were given vitamin D. However, BELL, 
CHAMBERS, and Dawson (1947) carried out a series of mechanical, 
chemical, and x-ray diffraction tests on rat bones, and concluded that 
there was no disturbance of the fundamental plan of ossification in 
rachitic bones. They could discover no difference between the degree 
of orientation of normal and rachitic bones. 

EN@sTROM and ZETTERSTROM (1951) investigated, by means of 
x-ray diffraction, the bones of a dog which had been on a rachitic 
diet, when 2 months old, for 5 weeks, and which developed severe 
rickets. They could find no evidence of a change in the diffraction 
pattern. 

The present authors examined a large series of femora of rats which 
had been given different diets: (i) controls, fed on standard rat cake 
and water, (ii) rats fed on the STEENBOCK and BLaAcK (1925) rachitogenic 
diet, (iil) rats fed on the SrTEENBOCK and BuLack diet with the addition 
of 5 per cent w/w of lysine-hydrochloride. These animals were part of 
an investigation by Dr. JoAN PERRY who carried out many tests of 
different kinds (PERRY, 1954). We are indebted to Dr. Perry for 
providing the femora for the x-ray diffraction studies. The X-ray 
diffraction patterns from rachitic bones were identical with those from 
normal bones. That the animals fed with a rachitogenic diet had severe 
rickets was proved by radiographic examination and by breaking tests 
(PERRY, 1954). It is difficult to understand how such conflicting results 
as those of REEp and REED on the one hand and those of BeLu, 
CHAMBERS and Dawson, ENGstrrROM, ZETTERSTROM, and ourselves, on 
the other, can be reconciled. 


IV. 4. 2. Other diseases 

The same kind of conflicting evidence runs through the papers on 

other bone diseases; one set of investigators finds that the degree of 
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orientation is different in diseased bones from that in normal bones, 
while the other set find no such difference. Some examples are as 
follows: 

Hyperparathyroidism. REYNOLDS, CoRRIGAN, and HaypeEn (1938) 
found a difference between the x-ray pattern of normal bones and those 
of animals suffering from hyperparathyroidism. On the other hand 
BRANDENBERGER and Scutnz (1945) and Eneastrom and ENGFrELDT 
(1951) could detect no difference between normal and diseased bones. 

Paget's disease. ReyNoutps, CORRIGAN, and HaypDEN (1938) did not 
detect any difference with this disease, whereas ENGFELDT ef al. (1952) 
claimed that the degree of orientation of the inorganic crystallites was 
considerably less in bones from animals suffering from PAGET’s disease 
than in normal bones. 

Osteomyelitis. CLARK, BUCHER, and LORENz (1931) found that the 
diffraction lines due to the inorganic component were weaker, in 
relation to the intensity of the lines due to the organic component, in 
bones with osteomyelitis. BRANDENBERGER and SCHINZ (1945) could 


find no such effect. 
Bone cancer. BRANDENBERGER and ScHINZ (1945) compared the 
diffraction pattern of cancerous bone with normal bone and could 


detect no difference, thus contradicting an earlier finding of CLARK, 
BucHEerR, and Lorentz (1931). Car~stTrROM and ENGFrELDT (1954) 
found the diffraction pattern from untreated osteogenic sarcoma to be 
identical with those from normal bones. 

Excess fluorine diet. Again BRANDENBERGER and ScuHrnz (1945) 
could find no difference in the orientation of bone crystals when rats 
were given an excess of fluorine in their diet. RryNOLDS, CORRIGAN, 
HaypEN, Macy, and Hunscuer (1938) had reported that this diet 
produced bones in which there was almost no orientation of the 
inorganic crystals. 

It is unfortunate that so many investigators have not given sufficient 
detail of the way in which their specimens have been prepared and the 
exact site examined. There is more variation in normal bones than the 
earlier workers realized, and it is doubtful whether any of the claims 
to have detected a difference between diseased and normal bone could 
be substantiated. 


V. CONCLUSIONS 
The application of x-ray crystal-analysis techniques to the study of 
bones has been carried out since 1926, but the results obtained have 
been rather disappointing. The reason for this seems to lie in the 
variable nature of the material rather than in the limitations of the 
method. The method has given information regarding the size of the 
inorganic crystallites, but has failed so far to produce unequivocal 
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evidence on the exact composition of the crystals. The present authors 
wish to suggest that the crystals in untreated bone do not have a fixed 
composition, and may not have all the lattice sites filled at any given 
time. Treating the bone gently, e.g. by boiling, causes the crystals to 
become more “‘perfect,” i.e. the lattice sites are more completely 
occupied, with consequently reduced strain and better defined x-ray 
diffraction lines. More violent treatment, e.g. calcining, has the further 
effect of causing the crystallites to grow. 

From the evidence produced by x-ray diffraction, there appears to 
be little to choose between hydroxyapatite and z tricalcium phosphate 
as representing the most probable composition of the normal bone 
crystals, with perhaps a slight preference for hydroxyapatite. 

Orientation of the crystallites is marked in long bones, e.g. the femur. 
Most of the hexagonal crystallites are oriented with their ¢ (or six-fold) 
axis nearly parallel to the collagen fibre axis, but it appears that some 
crystallites are arranged with their ¢ axes perpendicular to the fibre 
axis, and these tend to lie with their ¢ axes tangential to the surface of 
of the bones. 

At a very early stage in the growth of long bones no orientation of 
the inorganic crystals can be detected. This stage may be observed in 
some animals (e.g. rats) after birth, but in human bones it is necessary 
to examine foetal bones in order to observe the stage in growth at 
which orientation appears. 

It is advisable, and in some cases absolutely necessary, to have 
some means of cutting thin sections of bone if x-ray crystal analysis of 
untreated bone is to yield results free from confusion. This is especially 
true of orientation studies. In addition it is necessary to use small 
x-ray beams. 

Many different kinds of diseased bones have been examined, but there 
does not appear to be a single case where it can be stated categorically 
that x-ray crystal analysis reveals a difference in structure between a 
diseased and a normal bone. 

A fruitful field for research in the future would be to investigate the 
relationship between the inorganic crystallites and the organic material 
of bone. This would involve using x-ray crystal analysis, electron 
micrography, and other techniques on the same material. 

The collagen of bone appears to be the same kind of material as the 
collagen of connective tissue, but no explanation has been forthcoming 
up to now of the fact that, in bone, ossification takes place. The 


organic matrix which is largely composed of mucopolysaccharides 
probably plays an important role in this connection. If the process of 
calcification was thoroughly understood, it would then seem probable 
that the obvious differences in behaviour between diseased and normal 
bone could be related to their structure. 
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CONTRACTION 


A. F. Hualey 


INTRODUCTION 


It has seemed natural to all who have studied voluntary muscle with 
the microscope to suppose that the striations are an important clue to 
the mechanism of contraction. Until the early years of this century, 
they were almost the only clue, apart from the process of shortening 
or tension development itself, and interest was accordingly centred on 
the changes that the striations undergo during contraction. But no 
coherent theory of contraction emerged from these studies; perhaps 
it is for this reason that the hard-won knowledge of muscle structure 
fell into neglect as rapid progress began to be made in muscle chemistry 


and in the energetics of contraction. 
Up to the outbreak of the second war, these branches of muscle 
physiology were able to proceed successfully without reference to the 


details of structure. It appears now that the discoveries that were 
made in muscle biochemistry up to 1939 were relevant to recovery 
processes rather than to the contraction mechanism itself. This is not 
to belittle their importance: from the point of view of muscle physiology 
they led to the discovery of ATP and to the idea that this substance is 
the immediate source of energy for contraction, while in a broader 
context they laid the foundations of our understanding of the glycolytic 
cycle and of the ways in which energy is made available for the 
activities of all kinds of cells. It does however mean that these dis- 
coveries had little immediate relevance to the problem of how the 
contraction itself is brought about; conversely the characteristic 
features of muscle structure were irrelevant to the processes that were 
being elucidated. This position was brought to an end by the discovery 
of the interactions of “‘myosin”’ and ATP, and of the composite nature 
of “myosin.” It could be said that muscle chemistry had then become 
ripe for integration with information about structure, but in the mean- 
time the knowledge that had been gained by the nineteenth-century 
microscopists had been largely forgotten. This is illustrated for example 
by comparing the brief accounts of the striations, and of their changes 
during contraction, that are to be found in modern text-books, with 
the full and accurate description in say the 1888 edition of MicHAaEL 
FostEr’s text-book. 

The chemistry of the muscle proteins did indeed retain some contact 
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with microscopical information; for example Nott and WEBER (1934) 
showed that the birefringence of the A bands could be accounted for 
by the birefringence of “myosin” threads. This contact seems to have 
been lost at the time when it might have been most fruitful: there 
was no attempt to locate myosin proper and actin with respect to 
the striations until more than a decade after the separation of these 
proteins. 

Knowledge of the mechanics and heat production of muscle reached 
a stage at which they were ready to link up with other lines of informa- 
tion on the contractile process in 1938, when A. V. Hix published his 
well-known analysis of the relations between tension, speed of shorten- 
ing, and heat production. However, in spite of HILL’s repeated calls 
for chemical studies to parallel his analysis of the time course of energy 
liberation, this work remained isolated until the recent demonstration 
by FrLeckensTeIn ef al. (1954) and Mommarrts (1954) that the 
amounts of ATP and creatine phosphate in a muscle do not fall during 
the contraction phase of a twitch. 

As regards the processes by which the contractile mechanism is 
“turned on,” it was clear by the end of the war (KuFFLER, 1946; 
Karz, 1950) that the reduction of the resting potential which occurs 
on excitation is the normal stimulus for contraction, and a number of 


physical changes were known to begin during the “‘latent period”’ 


between excitation and the development of tension or shortening (see 
pp. 300-304). 

Although the basic facts concerning the striations, which had been 
known for 80-100 years, were unduly neglected at this time, it must be 
admitted that our knowledge of muscle structure had not made much 
progress since the turn of the century, and in relation to the available 
techniques it was less advanced than other branches of muscle physio- 
logy. Even the application of the electron microscope did little at first 
beyond confirming (and restoring to respectability) the picture that 
had been handed down by the nineteeth-century microscopists; indeed, 
several of the new conclusions that were drawn from the early work 
with the electron microscope have since turned out to be unfounded. 
But in the last few years a number of important points about the 
striations themselves, and about the spatial distribution of the struc- 
tural proteins, have come out, and as a result it is now possible to make 
statements about the intimate structure of muscle which are suffi- 
ciently detailed to have a bearing on the interpretation of the 
mechanical, thermal and chemical events. It remains for the future 
to decide how far the views that I am adopting here about the structure 
of muscle are correct, but I do not think that they are any more likely 
to be in error than are the current statements of its mechanical and 
chemical behaviour. 





INTRODUCTION 


Up to now, the theories of muscle contraction that have been put 
forward have often been based on only a single aspect of muscular 
activity. The lactic-acid theory, which might be classified as primarily 
chemical, did indeed take account of what was then known of heat 
production and work done by the muscle. But AstBURY’s (1947) theory 
was purely structural and RAMsry’s (1944) takes account of little except 
the energetics of contraction, while most of the other recent theories are 
chemical and make no attempt to accommodate either the relation 
ships which H1Lu found to govern the release of energy as heat and work, 
or the known features of structure. POLIssar’s theory (1952a,b,c,d) is 
very comprehensive as regards mechanical and thermal data, and could 
probably accommodate the known chemical events, but it takes no 
account of muscle structure and it does not fit with some of the impor 
tant facts about heat production (WILKIE, 1954). 

These theories have done good service by suggesting lines for further 
work and by bringing together observations from more or less diverse 
fields. Their onesidedness has been a natural consequence of the fact 
that the different branches of muscle physiology had hardly made 
contact with one another: this did mean however that there was little 
chance that a generally satisfying theory would be produced. But this 
is no longer the position: it should by this stage be possible to produce 
hypotheses which try to account simultaneously for the mechanical, 
thermal, chemical and structural changes which are known to occur 
during contraction. Later in this article | shall try to make good this 
statement by putting forward a hypothesis which does this to some 
extent. It achieves a fair agreement with observation in several 
respects, but I do not suppose it is by any means the only scheme 
that could be devised at the present day with an equal degree of 
success. 

Much of the new evidence on muscle structure has been recently 
reviewed (PERRY, 1955; HANsoN and H. EK. Huxtey, 1955) and I shall 
therefore give only a short account of it here. This forms the first 
section of the article, while the second reviews older observations and 


opinions in the light of this work. The third section deals with activa 
tion and the function of the Z membrane: in the fourth, there is an 
account of the hypothesis to which | have just referred, and in the 
fifth are discussed various phenomena for which fresh interpretations 


are suggested by the structural data. 

The article makes no attempt at completeness as a review, and it 
contains a higher proportion of historical matter and of speculation 
than is customary in review articles. It deals mostly with structure 
and with the physical changes that accompany contraction, while the 
chemical and electrical events are referred to only in so far as they have 
a direct bearing on these central topics. 





MUSCLE ST TCTURE AND THEORIES OF CONTRACTION 


I. STRUCTURE OF THE MYOFIBRIL 


lL. 1. Lnterpretation of the striations 
The essential facts about the structure of a striated muscle fibre at 
rest that were established by the nineteenth-century microscopists are 
the following. 

(1) The transversely striated appearance of a fibre examined in 
ordinary light is due to an alternation of zones of higher and lower 
refractive index. 

(2) The interior of the fibre consists of fibrils embedded in a varying 
amount of probably liquid sarcoplasm, which also contains nuclei and 
granules. When the fibrils are separated from one another, each shows 
the banding pattern characteristic of the whole fibre. 

(3) The zones of higher refractive index (Q or A bands) are bire- 
fringent (uniaxial, with the optic axis parallel to the length of the fibre, 
and with positive sign), while the zones of lower refractive index (./ 
or J bands) are optically isotropic or nearly so. 

(4) Each J band is bisected by a narrow line of high refractive 
index, which appears to represent a more or less continuous membrane 
stretching across the fibre and attached to the sarcolemma. 

(5) The centre of the A band sometimes has a lower refractive 
index than the edges, and is then called the H band. 

These points were first clearly stated by BowMAN (1840) for (1) and 
(2), BRUCKE (1858) for (3), Dostre (1849) and Krauss (1869) for (4), and 
HENSEN (1869) and ENGELMANN (1873a) for (5). They were clearly 
understood by ENGELMANN, ROLLETT, and others who investigated fresh 
fibres by visual microscopy towards the end of the last century, but the 
first has been a source of much confusion in more recent times. The 
striations do not differ appreciably in the absorption of light; conse- 
quently they are invisible if the fibre is examined in ordinary light with 
a wide condenser aperture. The refractive index difference between A 
and J can be made to show up by stopping down the condenser: the 
striations then become visible but the appearance depends on the 
focusing of the microscope. If it is focused exactly on a thin part of a 
fibre, almost nothing is seen; if the microscope tube is raised slightly, 
high refractive index regions appear bright, but if the tube is lowered 
the image is reversed and high refractive index regions become dark. To 
speak of the “dark” and “‘light”’ bands is therefore meaningless unless 
the position of focus of the microscope is specified; in the last century it 
became customary to use the low position (‘‘tiefe Einstellung’’), so that 
A and Z could be called dark; it is convenient but also potentially 
misleading that this agrees with the appearance of a fibre stained with 
the commonly used basic dyes. The interpretation of the image of a 
“phase object’” such as this, in which light is retarded but not absorbed, 
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became less important with the improvement of section-cutting and 
staining methods, and it seems nowadays not to be universally under- 
stood even by those who work with the microscope. The interpretation 
is still more difficult in a thick specimen such as a frog muscle fibre, and 
it is very difficult to tell, for example, whether the dark bands seen by 
BucutTHAL ef al. (1936) were in fact the A bands as these authors 


assumed, 


I. 2. Structure of the A, I and H bands 

It was widely supposed before the second war that the high refractive 
index and birefringence of the A bands were due to the presence there 
in a more or less solid state of the ““myosin” which can be extracted by 
strong salt solutions or dilute acids (KiUHNr, 1864; DANILEWSKY, 
1881). Although this view was strongly supported by the quantitative 
work of Nott and WEBER (1934), it seems to have been discarded after 
the war, partly because the “myosin” had by then been shown not to 
be a single substance, but chiefly, I think, because it was difficult to 
reconcile this localization of what was thought to be the contractile 


oT me da 











ene 4 ; : 
Myosin” Actin | —2-5.——+| S-filament 


filament filament 


Fig. 1. Diagram showing the arrangement of the filaments, within a myofibril, 

which has been suggested by recent observations described in the text. The 

degree of stretch corresponds to the extended length in the body. Transverse 

dimensions are enormously exaggerated in comparison with longitudinal ones. 

When the length of the muscle is changed, the actin and myosin filaments slide 

past one another in each of the zones where they overlap, and only the S 
filaments are actually stretched or shortened. 


substance with the current idea that contraction was produced by the 
folding of protein chains that extended throughout the length of the 
muscle. Recently, good evidence has appeared that these charac- 
teristics of the A band are indeed due largely to the localization there 
of the myosin (as opposed to actin) component of the old ‘“‘myosin.”’ 
At the same time, observations on the changes of the striations during 
stretch and contraction, and electron microscope studies of thin 
sections of muscle, led to ideas on the structure of the myofibril that 
fit in well with a localization of the chief materials of the fibril in different 
parts of the system of striations. 

The resulting picture of the structure of a fibril is shown schematically 
in Fig. 1. The main features of this were arrived at independently by 
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H. E. Huxiey and Hanson (1954) and by A. F. Huxuey and Nreper- 
GERKE (1954), although more of its details are due to the former than 
to the latter authors. Fig. 1 is in fact almost the same as the corres- 
ponding diagram of Hanson and H. E. Huxtery (1955). Most of the 
evidence on which this scheme is based has been thoroughly reviewed 
by Hanson and H. E. Huxtey (1955): [ shall therefore do no more 
than summarize it here. 

The essentials of the scheme shown in Fig. | are: 

(1) The A band owes its high refractive index and its birefringence 
to a set of rods or filaments arranged alongside one another. The 
length of each of the rods is constant at about 1-5 «so long as the muscle 
does not shorten enough to bring the ends of the rods into contact 
with the Z lines. 

(2) A second set of filaments extend from the Z line through the / 
and into the end of A, as far as the beginning of the less dense H 
region, These keep a constant length of about 1-0 4 so long as the 
muscle does not shorten to a sarcomere length below 2 1. 

(3) When the muscle lengthens or shortens, the filaments of these 
two types slide past one another. 

(4) When the fibre shortens so much that the / filaments of the two 
ends of one sarcomere come into contact, they shorten further by 
folding or crumpling near the point where they have come into contact, 
and possibly at other places. Similarly, the A rods may fold at their ends 
if the fibre shortens so much that they come into contact with the Z line. 

(5) Myosin is a principal constituent of the A rodlets, and actin of 
the / filaments. 

(6) Corresponding / filaments of the two ends of a sarcomere are 
joined by a very extensible connection, the S filament. 

(7) In transverse section, the filaments are arranged as shown in 
Fig. 2. 

The chief points of the evidence which led to this picture being put 
forward are as follows: 

(1) Haistence of two sets of filaments. The two sets of filaments are 
beautifully shown in the region of the 4 band where they overlap, in 
electron micrographs of both longitudinal and transverse sections of 
frog and rabbit muscle (H. E. Huxiry, 1953a). 

(2) Constancy of length of A-band rodlets. (a) A. F. Huxiey and 
NIEDERGERKE (1954) showed that, in a living isolated muscle fibre from 
the frog, photographed with an interference microscope, the A band 
stays of constant width, within the errors of measurement, during 


stretch, passive shortening and quick and slow contractions, so long as 
the sarcomere length does not fall below 1-8-2 uw. They also found the 
same in passive stretch and relaxation using polarized light (unpublished ; 


see p. 266). 


262 





STRUCTURE OF THE MYOFIBRIL 


(b) H. KE. Huxtery and Hanson (1954) similarly found by phase 
contrast microscopy that the width of the A bands of fibrils from 
glycerinated muscle is independent of sarcomere length, in stretch and 
in contraction induced by ATP treatment, so long as the sarcomere 
length did not fall below 1-7 w. 

(c) HARMAN (1954) recorded spontaneous contraction and relaxation 
of isolated fibrils by cine photography with the phase microscope, and 


¢ 


' 
—+1 4404 a— 


Fig. 2. Diagram showing the arrangement of the filaments in a cross-section 

through the outer part of an A band, where both myosin (larger) and actin 

(smaller) filaments are present. The dimensions given are appropriate for a 
muscle at its extended length in the body. 


found that shortening took place by approximation of the A bands, 
with obliteration of the 7 bands. 

(3) Constancy of length of I filaments. The gap between the / fila 
ments belonging to the two ends of any one sarcomere shows up as the 
H band in the intact fibril, and as an almost completely empty region 
when the A filaments have been dissolved away. In both cases the gap 
increases in width as the fibre is stretched (H. E. HuxLey and Hanson, 
1954), and the length of the filaments that remain after extraction of 
the A filaments is independent of the degree of stretch (HANSON and 
H. E. Huxiey, 1955, p. 247). In living muscles under the interference 
microscope, the H zone is conspicuous only when the fibre is moderately 
stretched (neither shortened not greatly stretched), as would be 
expected on this picture, but the optical conditions are not good 
enough to measure its width. 

(4) Constancy of X-ray spacings. The 415 A period of the low-angle 
X-ray diagram was found by H. E. Huxtey (1952, 1953b) to be 
unchanged when the muscle was stretched. A spacing of about this 
value is seen in both A and / bands under the electron microscope 
(Hay, Jakus and Scumrrr, 1946; Draper and Hopnar, 1949), so it is 
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not clear whether the X-ray observation is really evidence for constancy 
of length in the A or the / filaments, or both. The high-angle X-ray 
pattern also appears to be little affected by stretch or contraction 


(AsTBuRY, 1947). 

(5) Location of myosin in A, and actin in I, filaments. HASSELBACH 
(1953) and Hanson and H. EK. Huxuey (1953) found that solutions 
known to dissolve myosin would readily remove most of the A band 
from fibrils of rabbit muscle; the central part of the A band disap- 
peared only on prolonged extraction. HAssELBACH showed by visco 
simetry that the material that went into solution was about 95 per cent 
myosin and 5 per cent actin. The / regions of the fibrils are not much 
. affected by this extraction, and the A region is reduced to the same 
density as the / (except that, if the fibril is sufficiently extended to 
possess H bands, these become almost empty after the extraction). 
The fact that the actin is known to be present in untreated fibrils makes 
it probable that the remaining filaments consisted largely of actin; 
this was confirmed by Hanson and H. EK. Huxtey (1955), who showed 
that they disappeared on treatment with a solution known to dissolve 
actin. 

(6) Behaviour of filaments at short sarcomere lengths. At sarcomere 
lengths between about 1-6 and 2-0 4, the A band retains its ordinary 
length of 1-5 , but the / filaments are too long to do this. They appear 
to shorten by localized folding and not by uniform contraction, since 
narrow dense bands appear, particularly at the centre of the A band 
where the ends of adjacent / filaments meet (H. EK. Huxtey and 
Hanson, 1954; A. F. Huxtey and NrepeRGERKE, 1954). On still 
further shortening, the dense bands at the Z lines become exaggerated 
as “contraction bands,’’ which can naturally be interpreted as due to 
folding of the ends of the A filaments where they meet the Z line 
proper. 

(7) Existence of S filaments. H. E. Huxtry and Hanson (1954: 
Hanson and H. E. Huxtry, 1955) found that a fibril from which the 
A-band material had all been dissolved away could still be stretched, 
leaving an apparently empty gap at the middle of each sarcomere, and 
would shorten again passively when released. There must therefore 
be some highly extensible connections between the / filaments of the 
two ends of any one sarcomere. 

(8) Arrangement of the filaments. The arrangement shown in Fig. 2 
is taken from H. E. Huxuery’s (1958a) very beautiful electron micro 
graphs of transverse sections of rabbit and frog muscle. To a large 
extent, this arrangement was suggested by the same author’s low-angle 
X-ray observations (1952, 1953b), which are also the source for the 
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1. 3. Discussion of the evidence 

This evidence appears sufficient to show that the scheme under 
discussion is correct at least in its main outlines. There are obvious 
deficiencies, however: for instance, isolated fibrils contain tropomyosin 
and at least one unknown protein as well as actin and myosin (PERrRy, 
1953), and the material at the centre of the A filaments evidently 
differs in some way from that composing the ends which are easily 
removed by fluids which dissolve myosin. Points of this kind do not 
however alter the main thesis that changes of length involve two sets 
of filaments, one composed largely of myosin and the other largely of 
actin, sliding past one another. 

Some of the important points in this evidence have however been 
recently questioned. HopGr (1955) has published some extremely 
clear electron micrographs of dipteran flight muscle in cross-section 
which show only a single set of filaments in the A bands. He regards 
this as contradicting H. E. Huxtey’s (1953a) evidence for a double 
set, but it seems unsafe to deny the existence of a structure on the 
grounds that it has not been seen in a particular preparation treated in 
a particular way. The material and the treatment are both very 
different from H. FE. Huxtey’s, and it would be most valuable to 
discover what is the reason for the difference between their electron 


microscope pictures. A clue may perhaps be given by the fact that in 
his X-ray studies H. E. Huxiey found evidence of the secondary 


filaments only in muscle that was in rigor, not in fresh muscle. HopGe 
also claims that his longitudinal sections show that the filaments of the 
A and J bands are continuous with one another. Apart from the fact 
that his J bands are not well preserved and the continuity is not easy to 
trace, at any rate in the published reproductions of his micrographs, 
this is again negative evidence in that filaments originally separate 
might become adherent during the preparation. It is clear however 
that these points need further investigation. 

Another criticism of the evidence presented here concerns the inter- 
ference microscope observations of A. F. HuxLey and NreperRGEeRKe 
(1954). BucurHat ef al. (1936) found, on isolated frog fibres under the 
ordinary light microscope, that the A band appeared to be more 
extensible than the J, which is the reverse of the findings reviewed 
above. As mentioned on p. 261, measurements of this kind on a thick 
specimen like a frog fibre (approx. 100 « diameter) in ordinary light are 
not reliable; this was the reason for developing the interference 
microscope used by A. F. Huxtrey and NigepERGERKE. But CarLsen 
and KNApPEIS (1955) now claim to have substantiated this result using 
polarized light, with which it is certainly possible to obtain a much more 
trustworthy image than with ordinary light. They agree that in fixed 
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or glycerol-extracted material the A band appears to stay of constant 
width, but state that in fresh isolated fibres from the frog the birefrin- 
gent regions increase in width during stretch more than the isotropic 
bands. If this was true, it would invalidate much of the evidence I have 
quoted. But Nreper@erke and [ also used polarized light on living 
fibres on several occasions, and found the A band width to be indepen- 
dent of the degree of stretch, just as we did with the interference 
microscope; Dr. R. E. Tayior and [ have confirmed this again since 
the appearance of CaRLSEN and KNAPpPEIS’s paper. A series of photo- 
micrographs showing the constancy of width of the birefringent band 
is shown in Fig. 3. There is therefore a direct disagreement between 
CARLSEN and KnapPeEts’s results and our own; it is impossible to say 
what is the cause of the discrepancy, since CARLSEN and KNAPPEIS 
do not state the conditions under which their observations were made 
(numerical aperture of objective and of illuminating cone; whether 
compensation was used or not; thickness of specimen) and do not 
publish any of their photographs. It is possible that they used too low 
a condenser aperture; I have found with frog fibres of ordinary thick- 
ness that polarized light may then give an image almost indistinguish- 
able from the ordinary light image. NikpERGERKE and I did not 
publish any of our polarized light results in 1954 because this method, 
though better than methods using ordinary light, is less reliable than 
the interference method for thick specimens.* 


II. Eartrer Evipence ON THE WIDTH OF THE A Band 
AND ITS COMPOSITION 
Some of the evidence for the idea that filaments of actin and myosin 
slide past one another when a muscle changes length was given in the 
last section. This included only the recent evidence which actually 
led to the idea being put forward. Several of the separate points that 
are established by this evidence (e.g. constancy of A band width, 
presence of myosin in A bands) were repeatedly suggested, and often 
clearly stated, both in the voluminous literature of last century and 
in more recent work. Probably none of this old evidence is important 
at the present day for helping to decide how far this idea is correct, 
but it is perhaps instructive to examine some of this work in the hope 
of seeing how it came about, in the first place, that the idea we are 


* The reason is that the oblique rays in the plane of the long axis of the fibre traverse 
a greater thickness of muscle substance than the oblique rays in the plane perpendicular 
to the fibre; the total retardation of the extraordinary component by the parts of the 
fibre which are above and below the plane of focus is therefore greater for the former 
than for the latter groups of rays. The corresponding error with the interference 
microscope is eliminated by adding protein to the immersion fluid so as to bring its 
refractive index close to the average value for the fibre contents; there is no equivalent 
procedure for the polarizing microscope. 
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discussing was not put forward much sooner, and in the second place, 
that even the separate points which had formerly been accepted, and 
which are now confirmed, were generally rejected or disregarded from 
the end of the second war, or in some cases earlier, until a year or two 
ago. Many of the old observations are also of considerable interest in 
themselves, and have not been repeated in recent years. 


Il. 1. Constancy of A band width 
It seems to have been generally agreed throughout the second half of 
last century that the width of the / band varied more than that 
of the 4 when fibres or fibrils in different degrees of stretch or con 
traction were compared. Some of the sources of this opinion are the 
following: 

(1) Dosie (1849) reported that the band with lower refractive 
index (/) was extremely narrow in fibrils which were slightly shortened, 
and could sometimes be lengthened by stretching the fibril if the 
preparation was very fresh. 

(2) Krause (1869, p. 172) observed that the width of the A band of 
vertebrate muscle fibres, which he gave correctly as 1-5 « (p. 12), did 
not decrease during contraction. 

(3) ENGELMANN (1880) measured the width of the birefringent 
bands (A) of fibres of fixed insect muscle. In ‘‘contraction waves’’ he 
found that A changes less than / on shortening; there was very little 
change in A during shortening to 60 per cent of the initial length: 


beyond that, A and / both shortened but / continued to form a reducing 


proportion of the muscle length. 

(4) KOLLIKER (1888, p. 706) states that A enlarges at the expense 
of J during contraction, until neighbouring 4 bands come into contact 
with the intervening Z. 

(5) Rerzrus (1890, p. 72) observed, in fixed and stained preparations 
of muscle from beetles, that contraction (shortening) is associated with 
first a narrowing, and then complete disappearance, of the / band 
(defined as the weakly stained region) before contraction bands appear. 

(6) Rotterr (1891) states that the low refractive index band 
becomes relatively longer in passive stretch (p. 61) and shorter on 
contraction (p. 69). 

(7) HerpENHAIN (1911, p. 623) states that the / band is more 
extensible than A. 

The testimony on this point is thus remarkably uniform. With the 
exception of Krause, however, none of these authors laid particular 
stress on this phenomenon; more emphasis was generally placed on the 
changes which occur in more extreme degrees of contraction (formation 
of contraction bands, etc.). KRrausr, however, on the basis of the 
apparent constancy of the width of the 4 band, put forward the theory 
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that the high refractive index and the birefringence of the A band 
were due to the presence there of submicroscopic rods in a parallel 
arrangement. The length of these rods was supposed to stay constant 
(1-5 w) as the muscle shortened, their lateral separation increasing so as 
to keep the volume of the whole fibril constant. Krause believed that 
the / bands were liquid during life, so that this fluid was supposed to 
enter the spaces between the A rodlets as they moved away from one 
another during contraction. He did not specify the forces that produced 
these movements, but suggested that the rods of each A band attracted 
those of the neighbouring A’s. 

In recent years, however, it has been generally believed that con- 
traction takes place in the A band (e.g. FULTON, 1955, p. 129). How 
then has a universal and, it now appears, well-founded opinion been 
reversed, in spite of having been embodied in a theory of contraction by 
one of the most distinguished of the nineteenth-century microscopists / 

The most important factors in this change seem to have been two 
theoretical points raised by ENGeELMANN. In the first place, he dis- 
missed Kravusk’s theory on the ground that muscles can shorten far 
beyond the point at which the A bands of adjacent sarcomeres would 
come into contact if they stayed of constant width (ENGELMANN, 
I873b, p. 161). This is admittedly a difficulty, though it should have 
been clear, independently of any theory, that the shortening process 
changes in some way at the stage where contraction bands begin to 
form. The second theoretical point is that ENGELMANN enunciated 
the principle that all formed contractile elements are birefringent (see 
for example ENGELMANN (1906), which is largely a review of his own 
work on muscle). From this generalization, which is probably valid 
as it stands, and is clearly of great significance, he concluded that the 
birefringent parts of a striated fibre must be the contractile parts, and 
hence that they must be the parts which shorten during contraction. 
He thus seems to have persuaded himself of the reverse of what he had 
found by direct measurement; in his article of 1906 he refers only in 
the most cursory way to his paper of 1880. It is worth noting two 
features of this argument: first, that an experimental observation 
has been overthrown on theoretical grounds, and second, that the 
argument involves the tacit assumption that muscle contains a single 
“contractile substance’ which shortens during contraction. Both of 
these points will turn up again in a different connection (p. 271). 

It is these opinions of ENGELMANN’s that seem to have been generally 
accepted, but it is difficult to say how far this was due to his authority 
and how far to the well-known paper that was published by HUrRTHLE 
in 1909. He obtained cine-photographs of spontaneous contractions 
in insect muscle fibres, mostly with polarized light, and claimed that 
his results both confirmed ENGELMANN’s claim that the shortening 
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occurs in the A band, and contradicted the generally accepted view 
that a “reversal of striations’? (development of dense bands in the 
regions where /’s had been in the resting fibre) takes place when muscles 
shorten greatly. But the difference between his and his predecessors’ 
results seems in fact to lie in the condition of his fibres in the resting 
state. His J bands appear to have been about } the width of his A 
bands, while the usual figures given for this ratio are } or more. 
The only explanation that suggests itself for this difference is that his 
fibres, even in the resting state, were already shortened almost to the 
point where contraction bands are formed, and further shortening 
must necessarily involve the A band. Similarly, he did not find a 
reversal because in these fibres at rest the Z line (with the accom- 
panying V bands, which are composed of interstitial granules) appeared 
as the densest part of the sarcomere, this being no doubt connected 
with the narrowness of /. He observed the formation of dense contrac- 
tion bands at the level of Z (in agreement with all other observers) 
but did not regard this as constituting a reversal because they were at 
the same position as the densest part of the resting pattern. His 
differences from former observations are therefore more apparent 
than real, and depend on some imperfectly explained difference in the 
initial state of the fibres; nevertheless, his conclusions have been 
widely quoted not only as supporting ENGELMANN’s contention that 
shortening takes place only in the A bands (e.g. Mryeruor, 1930, 
p. 295) but as disproving the reality of the reversal phenomenon and 
thence of the formation of contraction bands. 

The other well-known work which appears to support ENGELMANN’s 
view is that of BucnTHaL, KNappeis and LinpHaRpD (1936). They 
photographed isolated fibres from the frog in ordinary light, and found 
that their dark bands changed in width more than their light bands, 
during both passive stretch and isotonic contraction. As was mentioned 
on pp. 261 and 265, this is an extremely difficult specimen from the 
optical point of view, and I can only conclude, from the disagreement 
with our interference microscope results (A. F. HuxLey and NreprEr- 
GERKE, 1954) that they were not justified in assuming that their dark 
band corresponded accurately in width to the actual high refractive 
index bands of the fibres. This work was, however, generally accepted 
as further evidence in support of the view that it is the A band which is 
contractile. The observations of Horvaru (1952), which appear to 
show that the A and J bands of a glycerol-extracted fibre maintain a 
constant ratio during contraction, are subject to the same criticisms. 

With the advent of the electron microscope, these confusions ought 
to have been cleared up at once, but they were not. Hau, JAKus and 
Scumitt (1946, p. 38), in their well-known paper, do indeed state that 
the A band hardly changed in width on passive stretch, but they also 
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state that this confirms BuCHTHAL eé/ al.'s results, while in fact it is in 
direct contradiction with them. Unlike the other features of their 
photographs, this particular result did not attract much attention; 
even the authors themselves do not mention it in a subsequent review 
article (ScumirT ef al., 1947). Draper and Hopar (1949) published 
very good micrographs of separated fibrils from fixed toad muscle: 
measurement of their plates shows that the 4 band was very constant 
at about 1-5 « width in all fibrils that were not so much shortened as to 
produce contraction bands, but the authors do not comment on this. 
HorrMANN-BERLING and Kavuscue (1950), using similar preparations 
from frog muscle, did clearly state that only the 7 band extended 
noticeably on stretching, though all their absolute dimensions are much 
too small (1}—2 times), suggesting that either their preparations hac 
shrunk or the magnification was not correctly determined. BLUHM and 
SITARAMAYYA (1951) also found the width of the A band in fibrils 
from rat diaphragm to be unchanged on stretch and during isometric 
contraction, but to shorten somewhat during isotonic contraction. 
These two papers do not appear to have received the notice they 
deserved. The figures given by PHttporr and Szent-GyOrG@yYT (1953) 
for the ratios of widths of the various bands in thin sections do show 
greater changes in / than in 4, but A does not seem to stay constant. 
These results are again unsatisfactory, because the authors assumed 
without a check that the absolute sarcomere length in each photograph 
was given by the degree of stretch applied to the muscle before fixation. 

It is thus unfortunately the case that there is at present no really 
satisfactory electron-microscope evidence on the question whether the 
A band width remains constant; on the whole, this idea is supported 


by the electron-microscope work, and is certainly not excluded by it. 
Dempsey ef al. (1946), in their histochemical study of muscle, also 
found that the / band became narrower in moderate contraction, until 


it almost disappeared. 


II. 2. Localization of myosin 
“Myosin” was first extracted from muscle by KUune (1864), who 
named it and characterized it by its solubility properties and by the 
great ease with which it is denatured. ENGELMANN (1873b, p. 174) 
mentions in passing that he believes myosin to be the anisotropic 
substance, “‘on account of its histochemical reactions.” 'T. H. HUXLEY 
(1880), in a general description of muscular tissue, was able to write: 
“In fibres which have been acted upon by solution of salt, or dilute 
acids, the inter-septal zones |.A bands] have lost their polarizing property. 
As we know that the reagents in question dissolve the peculiar con- 
stituent of muscle, myosin, it is to be concluded that the inter-septal 
substance is chiefly composed of myosin.” (The “septa”? on which his 
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nomenclature of the striations is based are the Z membranes; the 
“inter-septal zones’’ correspond to the A bands, and are contrasted 
with the non-birefringent “‘septal zones” which correspond to the J 
bands.) Similar observations were made by ScuipiLorr and DANILEW 
sky (1881), who showed also that the high refractive index of the A 
bands disappeared when the myosin was extracted. They also found 
that a drop of myosin solution became birefringent on drying. 

This view seems to have beenagenerally adopted (e.g. the review by 
BIEDERMANN, 1927, p. 427), but there seems to have been no fresh 
evidence until 1930 when von Murat and EpsALL showed that myosin 
solutions gave flow birefringence, and that the particles were of a length 
roughly equal to the width of an A band (Epsaui, 1942). Finally, in 
1934 WeBER made oriented threads of myosin, and Nott and WEBER 
showed that their birefringence would account for both the intrinsic 
and form components of that of muscle. 

The interpretation of these results was of course complicated by 
the discovery in SZENT-GyORGY1's laboratory (STRAUB, 1943) of the 
composite nature of the material that had formerly been known as 
myosin, but there does not seem to be any justification for the way in 
which the evidence for localization of at least one component came to 
be disregarded. The chief reason seems to have been that the interac 
tions between actomyosin and ATP provided plausible theories of 
contraction which required both the actin and the myosin to be 
uniformly distributed along the whole of the fibrils, so that, on activa 
tion, they could form actomyosin filaments which were supposed to 
shorten by folding under the influence of ATP. The only evidence 
adduced in favour of this uniform distribution was that the early 
electron micrographs, especially those of HALL ef al. (1946), appeared 
to show continuous filaments running through both A and / bands. 
Rozsa, Szent-GyOreyt and WycKkorr (1950) did suggest that the 
filaments might be actin and that the extra material which causes the 
electron-scattering power of the A band might be myosin, but Szpnr 
GyORGYT (1953, p. x) later gave up this view. 

The position appears to be closely parallel to that which led, after 
1910 or so, to the assumption that shortening takes place in the A band 
(see p. 268). The experimental evidence, which on its own account 


requires at least one component of actomyosin to be localized in the A 


bands, was discarded on theoretical grounds, and the argument again 
involved the tacit assumption that there is a single contractile substance 
(actomyosin) which itself shortens during contraction. A further 
parallel is that in both cases the theoretical view received support 
from some technically very impressive observations (in the first case, 
HiRruue’s cine-photomicrographs; in the second, the early electron- 
microscope observations) which, however, would probably not have 
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been adequate to overthrow the older evidence without the theoretical 
backing. 


Il. 3. The idea of sliding molecules 

The idea that passive stretch of a striated muscle takes place by 
long molecules sliding past one another, rather than by unfolding or 
stretching of chains, was put forward at least twice before the evidence 
discussed on pp. 262-264 had been obtained. Fiscuer (1947, p. 787) 
made this suggestion on the ground that the birefringence of striated 
muscle changes very little on stretch, and Moraes (1948) did so in 
order to explain the great extensibility of resting muscle and the 
absence of change in the wide-angle X-ray pattern; all these appear to 
be important pieces of evidence. Neither of these authors assumed 
that active shortening took place by sliding. Moraves did point out 
that the decrease of active tension with stretch might be accounted 
for by the decrease of the zone of overlap, but his argument differs 
from that of A. F. Huxitey and NIgDERGERKE (1954) in that he 
postulated only that the strength of connection would decrease, not 
the number of sites where tension is generated. BozLER (1936) suggested 
that the behaviour of smooth muscle could best be explained by 
assuming that contraction involved changes in the relative position 
of the molecules, and not in their shape. 


Il. “Activation” AND THE Z MEMBRANE 
LI]. 1. The link between excitation and contraction 
A great deal is known about the electrical events which accompany 
excitation of a muscle fibre, and about the contraction process, but 
very little about the steps that link them together. The interior of a 
resting muscle fibre is electrically negative to the surrounding fluid 
by 60-100 mV, the potential difference existing across a very thin 
surface membrane. When the fibre is excited through its nerve supply, 
this potential difference undergoes a transient reduction or reversal. 
In the most familiar kinds of muscle fibre (those which are capable of 
an all-or-none twitch in response to direct electrical stimulation), 
this decrease of membrane potential (“depolarization”) propagates 
itself along the whole length of the fibre by a process which is essentially 
the same as the conduction of an impulse along a non-myelinated nerve 
fibre. In other cases (the slow fibres of frogs, and many arthropod 
muscles) the depolarization spreads passively for only a short distance 
from each neuromuscular junction, but the whole of the length of each 
muscle fibre is nevertheless brought into action because it receives 
numerous nerve terminations distributed along its length. In all cases, 
however, the electrical change is a reduction (or reversal) of the 
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potential difference across the surface membrane. It is also found 
that, if this potential difference is reduced by any other treatment of 
the fibre (passage of current; KCl solutions; application of acetyl- 
choline to an endplate), the part of the fibre which is depolarized 
contracts (KUFFLER, 1946). This suggests strongly that the membrane 
potential change is the essential thing for setting off the contractile 
process, but if so there is the difficulty of explaining how this electrical 
change, which can exert a direct influence only on the membrane itself, 
is able to cause fibrils in the interior of the fibre to contract. The 
distances involved are considerable: the fibres of skeletal muscle of the 
frog are commonly over 100 4 in diameter, while in Crustacea the 
fibres reach 0-5 mm or more. Further, A. V. Hit has shown (1949c) 
that the link cannot be a substance which is released at the surface 
membrane and reaches the fibrils by a simple diffusion process, since 
this would be too slow to account for the very rapid onset of heat 
production and of the contraction itself, 

A suggestion which has occurred to many people is that it is not 
the membrane potential change, but the currents in the interior of the 
fibre, that are the immediate cause of “‘activation’’ of the contractile 
substance. If this were the case, there would be no difficulty in 
explaining the speed of the onset of contraction. But KurrLer (1946) 
pointed out that contraction is produced even by a uniform depolariza- 
tion of the fibre surface (e.g. by immersion in a solution with raised 
potassium concentration) when there should be no current flow; and 
STEN-KNUDSEN (1954) has shown that when a muscle is caused to 
contract by applied current in conditions where an action potential 
is not produced, the contraction is confined to the neighbourhood of the 
cathode, where the membrane potential is reduced, while the region 


midway between the electrodes, where the current density inside the 


fibres is a maximum, is passively stretched. 

It is thus highly probable that the membrane potential change itself 
is the essential factor for causing activation of the contractile material, 
and we are left with the problem of the nature of the link between 


membrane and fibrils. 


Ill. 2. The Z line 
The Z line is a narrow band of high refractive index at the middle of 
the / band. It is widely, though not universally, believed to represent 
a*more or less continuous membrane which runs across the whole fibre, 
uniting the fibrils to one another and to the sarcolemma. Many 
authors have ascribed to it a purely mechanical function, keeping the 
striations of the separate fibrils in register and perhaps transmitting 
tension in some way to the sarcolemma; the difficulties in this idea 
have been well stated by BENNeTT (1955). But its apparent continuity 
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and attachment to the sarcolemma also suggested to Treas (1924; 
MarrHaki and Trees, 1955) that its function might be connected with 
the activation of the contractile fibrils. In Trras’s view, the action 
potential itself travels along the Z membrane, which he believes to be 
invariably a spiral structure; it seems clear from electrophysiological 
work that this cannot be the case, at any rate in normal contractions 
of vertebrate muscle, where the action potential is clearly a self- 
propagating change in the potential difference across the surface 
membrane. However, the possibility remains that the Z membrane 
is concerned with conveying to the myofibrils the influence of a reduc- 
tion of the potential difference across the surface membrane. BENNETT 
(1955, p. 54), on the basis of electron microscope observations, has 
recently put forward the theory that an excitatory influence is con 
ducted inwards from the sarcolemma by the sarcoplasmic reticulum and 
conveyed to the myofibrils at the Z lines (see also p. 276 below). 

Dr. R. E. Taytor and I recently devised an experiment to test the 
hypothesis that the Z membrane is specifically concerned in the inward 
spread of activation (A. F. HUxLrey and Tayior, 1955a,b). If this is the 
case, then presumably it is the potential change at the attachments 
of Z membranes to the sarcolemma that counts, and no contraction 
would be expected to follow a potential change which involved a 
small area of membrane lying entirely between two adjacent Z line 
attachments. We achieved this situation by bringing a pipette with 
a squared-off tip, diameter about 2 4, into contact with the surface 


of an isolated muscle fibre that could be observed and photographed 


through a polarizing microscope. The potential difference across the 
small area of membrane opposite the tip of the pipette could now be 
reduced by making the interior of the pipette electrically negative 
relative to the bathing fluid. The resistances at the tip of the pipette, 
both that of the “seal” of the tip to the fibre and that of the small area 
of membrane itself, are high enough for the current entering or leaving 
the pipette to be too small to produce appreciable changes in potential 
either inside the fibre or in the bathing fluid outside the pipette; this 
is true even if the membrane opposite the tip were to undergo an action 
potential. 

The muscle fibre was slightly stretched, so that the Z lines were 
about 3 apart; the 2 pipette could therefore be placed either 
opposite a Z line (centre of an J band) or in the space between two 
adjacent Z’s (opposite an A band). In the former case, we found that a 
moderate depolarization (20-40 mV) caused a localized contraction, 
but in the latter case, a potential several times larger could be applied 
with no result at all. Further, when shortening occurred, it was con- 
fined to the J band opposite the pipette, and spread only a moderate 
distance inwards from the surface of the fibre. A contraction of this 
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kind is shown in Fig. 4; the pipette in this case was 4 in diameter, 
which is about the largest that can be used without overlapping more 
than one Z line, though it is too large for the space between two adjacent 
Z’s. The contraction spreads further inwards than was the case with the 
2 pipette, but is otherwise just the same. This photograph also 
illustrates in passing the fact that the shortening takes place exclusively 
in the / band, the two dark A bands being drawn together without 
changing in width. 

These results are entirely consistent with the hypothesis that we 
started from, namely that the influence of membrane depolarization 
which activates the contractile substance is conveyed along Z mem 
branes. The experiment also shows that the resulting activation 
affects only the half-sarcomere on either side of the Z membrane in 
question; in Fig. 4 the contraction spreads about 10 4 inwards but 
does not affect the adjacent / bands which are only about 2 4 away. 
It is not actually proved that the visible Z membrane is the structure 
concerned; it may be that the activation is conveyed along some other 
structure near the middle of each J band. The anatomical evidence 
reviewed in the next section does however show that the Z membrane 
has the required characteristics, and it seems most probable that it is 
the structure concerned. 


Il. 3. Continuity of the Z membrane 
The Z line, which is seen as a narrow band of high refractive index in a 
fresh muscle fibre, is also very conspicuous in isolated fibrils, whether 
examined by phase microscopy or in the electron microscope. It 
usually appears as the densest part of the fibril, as regards refractive 
index in the light microscope, electron scattering in unstained and 
unshadowed electron-microscope preparations, and thickness in 
shadowed fibrils under the electron microscope. There is a good deal 
of evidence that these dense lines in the separate fibrils are connected 
to one another across the muscle fibre. This evidence falls into two 
groups; the first is from observations on fresh muscle while the second 
is from examination of fixed and stained preparations. 


Several very convincing pieces of evidence in the first of these 
classes date from the last century. KRAusE (1869, p. Ll), SCHIPLLOFF 
and DANILEWsKY (1881) and KOLLIKER (1888) all observed that 
continuous structures remained at the position of the Z lines when the 
rest of the fibrils was removed by dilute acid; this is particularly 
notable in the case of KOLLIKER’s observations since he was using 
insect fibrillar muscle, in which the fibrils, or sarcostyles, are separated 


by large amounts of sarcoplasm rich in granules. 
In the second class are the observations of ENDERLEIN (1899) and 
HEIDENHAIN (1911, p. 613), who were able to stain structures uniting 
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the Z lines of adjacent fibrils even where they were separated by a broad 
band of sarcoplasm, and also running from the sarcolemma to the Z 
of the most superficial fibrils. This was confirmed by von BoGa (1937), 
who pointed out that the fine membranes uniting the Z’s of adjacent 
fibrils stain differently from the Z’s in the fibrils themselves. Trras 
(1955) has also demonstrated the continuity of Z in both fibrillar and 


non-fibrillar muscles of insects. 

A somewhat similar conclusion is reached by BENNETT and PORTER 
(1953) and BENNETT (1955) from very beautiful thin sections of muscle 
under the electron microscope. They show connections between the 
Z’s of adjacent fibrils and between the sarcolemma and the Z lines of 
nearby fibrils, but these connections are very much thinner than the 
Z lines within the fibrils, and are easily distorted if the fibrils are 
displaced longitudinally in preparing the specimens. They regard 
these connections as part of a “sarcoplasmic reticulum” which exists 
in the spaces between the fibrils, and connects with the sarcosomes: 
this reticulum was well described by KOLLIKER (1888) and Rerzius 
(1890) in fibres stained by procedures in which the fibrils were dissolved 
out or were swollen until they did not interfere with the image of the 
sarcoplasmic structures. 

It seems legitimate to conclude that there exists in the middle of 
each J band a structure which is connected to the sarcolemma, which 
runs right across the fibre, and of which the corresponding Z lines of 
the individual fibrils form a part. This whole structure may perhaps 
be called KRAvsE’s membrane, or Z membrane, in contradistinction to 
the Z lines in an individual fibril (von Boga, 1937). 

The existence of a “continuous” structure in this sense must not be 
taken to mean that there is a complete membrane, like a cell membrane, 
crossing the fibre in each / band. The electrical evidence clearly shows 
that such a thing does not exist, the fibre interior having a fairly low 
resistance to longitudinal current (Karz, 1948). If the Z membrane is 
of the same nature as a cell membrane, having a low permeability for 
ions and a high electrical resistance, it must have extensive perforations 
through which ions can move; if it is continuous in the sense of not: 
being perforated, it must offer only a very slight resistance to the 


movement of ions. 


Ill. 4. Mechanism of conduction along Z membranes 
If we allow ourselves to conclude from this evidence that each Z 
membrane is concerned with conveying an influence of surface depolari- 
zation to activate the half-sacromeres which lie on either side of it, 
the question at once arises, what is the nature of this influence, and 
how is it conducted. The only clue to this that the experiments provide 
is the fact that the contraction does not propagate itself inwards, but 
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spreads for a distance which increases with the voltage applied and with 
the size of the pipette. The experiment does not prove conclusively 
that a self-maintaining inward propagation does not occur in a perfectly 
undamaged fibre, since the fibres had ceased to give ordinary all-or- 
nothing twitches by the time we managed to observe these local effects, 
and it is conceivable that there is normally a propagating mechanism 
which had by then been lost. But fibres in this state can give apparently 
normal twitches when the membrane is depolarized by applied current 
(Brown and SIcHEL, 1936; confirmed in unpublished work by Dr. 
R. E. Taytor and myself). There is therefore no need to postulate a 


4s 


self-propagating mechanism, and in any case our experiments show 


that a graded activation can spread quite a long way in. This seems to 
exclude such mechanisms as crystallization (HILL, 1949¢) and “‘activated 
diffusion”’ (diffusion of a substance whose presence causes more of the 
same substance to be liberated) which have been suggested as mech- 
anisms for the rapid activation of the fibre interior in response to 
surface-membrane potential changes, since they would be expected to 
be self-propagating. At the same time, the fact that the contraction 
did not reach nearly to the centre of the fibre would be expected on any 
mechanism that was not regenerative, since the pipette covered only 
a very small sector of the edge of the Z membrane, and the influence 
of depolarization on this small region was spread out over a broad 
front as it was conducted inward. 

There is nothing at present to contradict the very tentative sugges- 
tion that the mechanism may be an electrical one. If the Z membrane 
contained channels whose lumen was connected to the external fluid, 
and whose walls had a high resistance, then the potential difference 
across the walls would follow that across the surface membrane of the 
fibre with a lag depending on the size of the channels, the capacity of 
their walls, etc. Rough calculations show that the lag would be very 
small even if the channels were as small as 100 A diameter, and were 
insulated from the sarcoplasm by walls with a capacity of 1 wF/cem? 
such as is found in the membranes of many cells. 


Il. 5. Longitudinal spread of activation 
There is also the question how a change spreading inwards along the 
Z membrane brings about the contractile process which presumably 
occurs in the nearest half-A-band on either side. The striking feature 
about this final stage of the spread of activation is that it goes no 
further than this: no shortening was seen in the J bands on either side 
of the one to which the pipette was applied. If diffusion of a substance 
from Z is responsible, then there must be something that limits the 
range of diffusion, e.g. the diffusing material might be used up in the 
first half of the adjacent A bands, or there might be an impermeable 
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layer at the position of WZ. The limitation of the spread of activation 
would however be directly explained if the change was some alteration 
in the actin filaments, which was conveyed along them from the Z 
line, since they terminate at or before the middle of the adjacent 4 
bands. Other points which suggest that activation may be accom- 
panied by a change in the actin filaments are mentioned on pp. 301 
and 305. 
lil. 6. Vhe functional unit in striated muscle 

It is customary to take as the repeating unit of the striation pattern 
the sarcomere, which is defined as the region bounded by two adjacent 
Z lines. The experiments described here suggest that the functional 
units are centred on the Z lines, and not separated by them, so that the 
unit consists of a Z line with the / band in which it lies and the half 4 
band on either side. We never saw a contraction involving one-half of 
an / band only (though our pipettes may not have been small enough 
to achieve this if it is possible in principle, and it is also conceivable 
that a contraction at one side only of the Z line might have been 
mistaken for a weak contraction involving both sides). Also, as men 
tioned above, we never saw any shortening of the neighbouring / 
bands such as would have occurred if contraction had taken place in 
both halves of each of the A bands adjacent to the point of stimulation. 
There are, however, occasional records in the literature of contraction 
waves in fixed preparations of insect muscle where the degree of con 
traction is strikingly different in the half-sarcomeres on either side of a 
single Z line (ROLLETT, 1891, fig. 10; Treas, 1955, fig. 39). 


II. 7. Other functions of the Z line 
It was mentioned above that there are great difficulties (BENNETT, 
1955) in the idea that the Z membrane conveys the force of contraction 
to the sarcolemma, but it remains possible that the Z line has a mech- 
anical function as well as being concerned in the activation of the 
fibrils. Within each myofibril there must be some structural link 
which keeps the myosin filaments alongside one another in each A 
band, and another link which keeps each set of actin filaments in 
register. The electron micrographs of HopGr (1955) show cross-links 
between the filaments of the primary array (presumably myosin) in the 
A band; it may be these that keep the myosin filaments aligned, but if 
so there cannot be corresponding cross-links between the actin fila- 
ments, or the sliding movement would be impossible: connections could 
only exist at the position of the Z line, where they would not interfere 
with the movement of the myosin filaments and their set of cross-links. 
It is therefore necessary to keep in mind the possibility that the Z 
line has also the function of keeping the actin filaments in alignment. 
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IV. A Hyporuesis FOR THE MECHANISM OF CONTRACTION 

Most, if not all, of the hypotheses that have been put forward in 
recent years as explanations of muscle contraction on the molecular 
level have assumed that protein chains, running longitudinally in the 
muscle, shorten by some kind of folding or coiling. These theories 
have differed in the type of folding assumed, and in the nature of the 
forces that were supposed to produce the folding, but have been 
remarkably uniform in assuming that shortening takes place in each 
filament at a number of points in series, i.e. the decrease in length of the 
whole filament is the sum of the amounts of shortening that have 
occurred at the different points of folding along its length, while the 
whole tension in the filament is exerted at each of these different links. 
This idea appears to have been supported especially by the changes 
of structure that were found by AstBury and Dickinson (1940) to 
occur when a myosin film is stretched or made to shorten, and by the 
appearance of continuous filaments which was suggested by the early 
electron-microscope studies of muscle. On the other hand it is very 
difficult to reconcile with the many lines of evidence, reviewed here 
and by Hanson and H. E. Hux ey (1955), showing that the individual 
filaments do not change in length appreciably when a muscle contracts, 
anyhow over the greater part of its normal range. 

If then we are to replace the hypothesis that shortening is generated 
by a filament folding at a number of places in succession, by the hypo- 
thesis that two types of filament slide past one another, how are we to 


suppose that this relative movement is brought about? So far, three 


broad suggestions have been made: 

(1) The filaments move so as to increase the number of points at 
which some chemical interaction can take place between them (H. E. 
Huxtey and Hanson, 1954). 

(2) The filaments of one type are capable of small changes of length, 
but these take place cyclically, the attachments between the two 
filaments being broken and remade so that the overall result is relative 
movement between the filaments without appreciable shortening of 
either. This type of scheme, with the further suggestion that the 
cyclical changes might take place in the actin filaments by successive 
depolymerization and repotymerization, has been put forward by 
Hanson and H. E. Huxuey (1955), and by AuBERT (1955). 

(3) A relative force between adjacent filaments of the two kinds is 
generated at each of a series of points within the zone in which they 
overlap (A. F. Huxtey and NIEDERGERKE, 1954; discussed also by 
Hanson and H. E. Huxuey, 1955). 

So far, there is nothing worthy of the name of evidence either for or 
against any of these three general possibilities. The second has the 
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advantage of bringing in some of the interesting properties of actin, 
while the third provides an explanation for the parallelism between 
the isometric tension generated in a tetanus and the width of the over- 
lap zone, when a muscle is extended beyond its resting length (A. F. 
HuxLey and NIEDERGERKE, 1954). The same authors pointed out 
that their scheme would account for the known correlation between 
narrowness of striation and speed of contraction, but this could 
probably also be fitted into either of the other schemes. 

It is possible that high-resolution electron microscopy may help to 
decide between these alternatives, but it might not: some kind of 
structural link between the two sets of filaments is required on any of 
these schemes, and even if the links are seen, it may not be possible 
to say in which way they are acting. Another way of trying to decide 
hetween them is to follow out in detail the relationships between 
observable quantities (tension, heat production, etc.) that would be 
expected on each, and seeing whether any of the schemes can be 
excluded through failure to fit in with the experimental data. As I 
have stated them, the three types of mechanism are not specified in 
enough detail for making predictions which can be checked experi- 
mentally: before this can be done, a sequence of events linking the 
supply of chemical energy to the mechanical system must be specified, 
together with the factors which control the rates of the reactions. 
Schemes which are put forward in this amount of detail at the present 
time must necessarily be highly speculative, but may nevertheless be 
helpful both in showing how far it may be possible to go in explaining 
the known behaviour of muscle, and also—more important—in suggest - 
ing experiments which may exclude particular hypotheses or groups of 
hypotheses. 

One such scheme (belonging to the third of the classes mentioned 
above) was worked out in some detail by the author in the summer of 
1954. It fitted a number of the known properties of muscle fairly well, 
without many arbitrary postulates, and it therefore seems worth 
while to give an account of it here. It was framed primarily with 
reference to the “‘sliding’” hypothesis and to the relations between 
load, shortening and heat production, but the chemical reactions 
provisionally assumed to underlie the steps of the contraction process 
have been chosen so as to be consistent with the main features of 
the behaviour of SzenT-GyOrGyI's glycerinated muscle preparation 
(WEBER, 1955). 

The hypothesis will first be stated in general terms, and then a 
mathematical treatment will be given in order to derive formulae for 
tension and heat production, as functions of the speed of shortening, 
for checking against the relationships found experimentally by A. V. 
HILL. 
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IV. 1. Statement of the hypothesis 
The general idea is that each of the filaments of one type (provisionally 
assumed to be the myosin filaments) has side-pieces which can slide 
along the main backbone of the filament, the extent of the movement 
being limited by an elastic connection. These sliding members can 
combine temporarily with sites on adjacent actin filaments, the con- 
nections being formed spontaneously but broken only by a reaction 
requiring energy to be supplied from metabolic sources. The essential 
feature of the system is that the rates of the reactions by which the 
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Fig. 5. Diagram illustrating the mechanism by which it is assumed that tension 

is generated. The part of a fibril which is shown is in the right-hand half of an 

A band, so that the actin filament is attached to a Z line which is out of the 

picture to the right. The arrows give the direction of the relative motion 
between the filaments when the muscle shortens. 


connections are made or broken are assumed to depend on the position 
of the sliding member relative to the backbone of its myosin filament. 
This is not difficult to imagine if we suppose that the reactions are 
catalysed by enzymes which are fixed to the myosin filament, or perhaps 
actually form part of it. 

The essentials of the scheme are illustrated in Fig. 5. The contractile 
element shown is to be thought of as lying in the right-hand half of an 
A band, so that the nearest Z line, to which the actin filament is 
attached, is off the picture to the right. During shortening, therefore, 
the actin filament moves to the left relative to the myosin filament. 
The distance of A, the active site on the actin filament, from O, the 
equilibrium position of the sliding element on the myosin filament, is 
denoted by x (positive if A is to the right of O). During steady shorten 
ing, x decreases at a constant rate. The rate constants for the reactions 
which make and undo the connection between A and M are denoted 
by f and g respectively; they depend on x in the manner shown in 
Fig. 6. 

The system works as follows. Initially, the groups WM and A are 
detached; .W oscillates back and forth about its equilibrium position O 
as a result of thermal agitation. If A happens to be within the range 
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of positions where / is not zero (i.e. where the combination of M with A 
is catalysed), there is a chance that combination will take place; when 
this has happened the tension in the elastic element will be exerted 
on the actin thread. The region where this combination can occur is 
to the right of O, so that the tension in the elastic element is in the 
direction to help the muscle to shorten. The 4M combination moves 
towards O as the muscle shortens; there is all the time a chance that 


+5 











h 


Fig. 6. Dependence of f and g on x. Dashes, f, i.e. rate constant for formation 
of links between actin and myosin by reaction (1). Continuous line, g, i.e. rate 
constant for breaking links by reaction (2). The unit of the ordinate scale is the 


7 


value of (f g) at a h. 


the link will be broken, since g is finite everywhere (except at the 
point O), but the chance is small until the group passes O; g then 
increases greatly and the AWM link is soon broken, preventing the 
tension in the elastic link, which is now in the reverse direction, from 
holding up the shortening of the muscle. At high rates of shortening, a 
large proportion of the links will not be broken in time to prevent a 
considerable resistance from being generated in this way; the speed of 
shortening of an unloaded muscle reaches its limit when this resistance 
just equals the force produced by the links to the right of O. 

We have tacitly assumed that the combination of A and M took 
place spontaneously with the equilibrium in favour of the combined 
state; hence it is necessary to postulate that energy is provided in 
order to break the link. It would be in keeping with Szent-GyOreyt's 
work and with recent work on glycerinated fibre models (WEBER, 
1955) to suppose that this is brought about by some high-energy 
phosphate compound (denoted by XP) uniting with a site near A. 
After the A and M groups have separated, X P is split and its fragments 
are detached, restoring the initial conditions, except that now A is in a 
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position where f is zero and recombination is not catalysed and there- 
fore does not occur. As the muscle shortens further, the A group we 
have been considering moves on to a region where it may combine with 
the next M group further to the left on the myosin chain, while the 
next A group to the right on the actin chain comes into the picture and 
is able to combine with the M group that is under discussion. 

This sequence of events must be supposed to take place at a number 
of sites on each filament within each A band, the sites being staggered 
so that they come into action asynchronously as the muscle shortens. 
The overall tension in the muscle will therefore not fluctuate appreciably 
as the links are made and broken. 

The reactions that have taken place during the cycle are: 


A + M -- AM (rate constant: /f) 
AM + XP —- AXP + M (rate constant: g) 
AXP—+>A-+ X + PO, 


In the resting state, reaction (1) must be prevented from occurring, 
so as to allow the muscle to lengthen or shorten passively. This 
might be achieved either by inactivating the enzyme which catalyses 
reaction (1), or by stopping reaction (3), which would leave the A sites 
blocked by the attachment of XP molecules, or by some independent 
change in either the A or the M groups which prevents them from 
uniting. For the sake of definiteness, the second of these assumptions 
is made here. Activation of the contractile substance then consists in 
causing reaction (3) to take place; it will be assumed that so long as 
activation persists, this reaction occurs fast enough for it not to be 
a limiting factor. (Some reasons for assuming provisionally that the 
activation change, whatever it is, — the actin filaments and not 
the myosin ones, are given on pp. 278, 301, and 305). Further, it is 
assumed for the sake of simplicity that the back reactions are negligible 
in all three cases. 

The reason why the rate constant g has to be given a finite value 
for positive as well as negative values of x is that otherwise the side 
pieces that happen to be attached when activation ceases (in the sense 
that no more new attachments are formed) would remain attached, 
and the muscle would remain in a state of partial rigor instead of 
returning to the resting condition. This overlap of f and g causes a 
steady turnover of attached sites even when the muscle is stimulated 
isometrically; the resulting evolution of heat corresponds to HILL’s 
“maintenance heat.” 

It is provisionally assumed that the sites on each filament are far 
enough apart for the events at one site not to be affected by the 
situation at nearby sites. There is no need to assume that the distance 
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apart of the M sites on each myosin filament is the same as that 


between A sites on an actin filament. 


IV. 2. Mathematical formulation 
Consider a large number of contraction sites all with A in the same 
position relative to O (Fig. 5), i.e. all having the same value of x. Let 
n be the proportion of these sites at which the V7 is combined with the 
corresponding A. 


We have 


where v is the velocity with which the A filament is sliding past the 
M filament as a result of the shortening of the muscle. 
Now v = sV/2, where s is the sarcomere length and JV is the rate of 
shortening in muscle lengths per second, so that 
sV on 
J—(j + g)n. +s (4) 


2 Ox 


To find the total rate at which chemical energy is being liberated, 
we note that the overall result of the reactions (1)-(3) is that one 
high-energy phosphate group is split off, liberating e ergs per con- 
traction site in one cycle. The frequency with which A sites are pre- 
sented to each M site is v/l, where / is the separation of the A sites 
along the actin filament. The average number of times each J site 
enters the cycle of reactions per second is therefore 


* 
» fz 
7 


L Ja 


f(l —n)dt, or fal n)da. 


The total rate of energy liberation per cubic centimetre of muscle, £, 


is therefore given by: 


nda are (i 


where m is the number of J sites per cubic centimetre of muscle. 

To find the tension in the muscle, assume that the elastic element 
obeys Hooke’s law with a stiffness / dyne/em. The average value of 
the work done at one myosin site as one actin site is carried past it by 
the shortening of the muscle is then 


nhe da, 
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and the corresponding average force is obtained by dividing this by /. 

The total tension in the muscle is the sum of the tensions generated 
by all the contraction sites within one half-sarcomere; the number of 
these sites for a muscle of 1 cm? cross-sectional area is ms/2. Hence P, 
the tension per square centimetre, is given by: 

~ (2 
— nx da. aa Ge 
21 J—« 

The relations (4), (5) and (6) do not depend on the particular 
assumptions that are being made concerning the manner in which / 
and g vary with x; to introduce these assumptions, we must insert 
the values of f and g which are indicated in Fig. 6, i.e. 


f = 0 and g = 9,; 
f =fia/h and g = g,2/h: 
| 0 and q yx h. 


Solving equation (4) with these values, and taking V as positive (i.e. 
the muscle is shortening, not being stretched) we find: 


where 4 


. (3) 


These relationships between » and x are plotted, over the whole range, 
in Fig. 7 for four values of |’. For reasons which will appear later, 
9;/(f; + 9) is taken as 3/16 and g,/(f, + g,) as 3-919. 

Inserting these formulae in equation (5) and evaluating the integral, 


we obtain: 


se kee 


as Comal, } 


fy 
When V = 0, this gives the ‘“‘maintenance heat”’ rate, Hy, as 


h A 
2t hh Jy. 


while the “extra rate of energy liberation” FH’ 
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Fig. 7. Variation of n (proportion of sites at which links between actin and 
myosin are in existence) with « (position of A site relative to equilibrium 
position of M site), for the steady state in isometric contraction (top) and in 

shortening at three different speeds. 
Similarly, equation (6) for the tension becomes 


denoting this 


P msk Ih | é i é 

tf, +9 2\ 9 | ¢ 
The maximum work done in a eycle at one site is ’h?/2 
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and the rate of doing mechanical work is 
hf, | 


ah | ae 
21 ¢ 


PV = mw. 


The rate of liberation of heat is H — PV. 


IV. 3. Comparison with Hill’s equations 
To find out whether equations of these forms can represent the actual 
behaviour of muscle, we may see how closely they can be made to fit 
the relationships shown by A. V. Hii (1938) to be obeyed by frog muscle 
during tetanic stimulation at 0°C. These are: 
(1) The rate of liberation of heat increases linearly with speed of 
shortening (constancy of shortening heat). 
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Fig. 8. Relationship between speed of shortening and tension. Continuous 


line: Hrxx’s characteristic equation with a/P, = }. Cireles: equation (11). 


Ordinate, speed of shortening as a fraction of value in unloaded tetanus; 
abscissa, tension as a fraction of value in isometric tetanus. 


(2) The total rate of energy liberation (heat + work) increases 
linearly as the load is reduced below the isometric tension. 

By combining these relationships H1L obtained his ‘‘characteristic 
equation,” (P +:a)(V + 6) = constant, which he found to agree 
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excellently with the directly determined force-velocity curve. The 
constant a was found to be approximately one-quarter of Po, the 
isometric tension; / is necessarily equal to a/P, multiplied by the speed 
of shortening under zero load. 

Inspection of equations (9) and (12) shows that we have only two 
adjustable constants left for fitting our equations to HiILw’s relation- 
ships (with a/P, = }). They are 
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Fig. 9. Relationship between total rate of energy liberation (heat + work) and 

tension. Straight line, from Hiiw’s equations with a/P, | and maintenance 

heat rate = ab. Circles: from equations (9) and (11). On abscissa scale, unity 

is Py, the isometric tension; on ordinate scale, unity is the product P)V max. 


The ratio g,/f,; has also to be chosen so as to give the maintenance heat 
rate a value corresponding to that found experimentally; Hii. found 
that it was about equal to ab. 

Trial and error showed that fair agreement could be obtained by 
making w/e = 0-75, g,/(f; + 91) = 3/16, and g,/(f, + g,) = 3°919. 
These give Vmax = 4:0.¢, so that 4 is equal to H1Lw’s 6; they also 
make the maintenance heat rate bear the correct proportion (1/16) to 
the product P,yVmax. The degree of success in matching HILL’s 
relationships can be seen from Figs. 8, 9, 10, and 11. The deviations 
from hyperbolae in Figs. 8 and 11, and from straight lines in Figs. 9 
and 10, are probably not much greater than the experimental error of 
the observations on which H1Lu based his relationships. 
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Fig. 10. Relationship between rate of heat production and speed of short- 
ening. Straight line corresponds to a constant heat of shortening (as found by 
Hitz) with a/P, | and maintenance heat rate = ab; circles from equations 
(9) and (12). Ordinate scale as in Fig. 9; unity on abscissa scale is V max, the 


speed of shortening in an unloaded tetanus. 
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Fig. 11. Relationship between total rate of energy liberation and speed of 

shortening. Continuous curve (hyperbola) derived from Hrxw’s relationships, 

with a/P, 1 and maintenance heat rate = ab; circles from equation (9). 
Ordinate scale as in Fig. 9. 
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Although only two constants were available for fitting HI.1’s 
equations, and one for fitting the amount of maintenance heat, 
arbitrary assumptions had been made at an earlier stage in making f 
and g vary with x in the ways shown in Fig. 6. One or two other forms 
of these relationships were also tried. With f and g constant (instead 
of increasing linearly with x) in the range 0 < x < h, HIL1’s equations 
could be fitted about as well as with the system discussed here, but the 
ratio w/e had to be given a value of about unity. This is not plausible, 
as the three reactions that are postulated cannot all go spontaneously 
in the forward direction unless w is considerably less than e (which is 
assumed to be derived wholly from a change in free energy). This 
result was not much altered when the change-over from high f to high 
q was shifted from the point x = 0 tox = h/5. It can be seen intuitively 
that, for a given value of w/e, the efficiency will be lower in these 
systems with constant f than in the one developed here with f propor- 
tional to x, because during shortening a higher proportion of the 
attachments will be formed at small values of x (therefore contributing 
little to the work done) in the former system than in the latter. 

Another system, within the same general framework, which is of 
interest, is one in which f and g vary exponentially with x. The 
equations are: 


hyja 


wa<h: f=fmaxe* 
g imax (1 e*—*) ‘) 
el h)/A 
Force in elastic element p = DPmax 
i—« 

x>h: f=0, so that no combination occurs during shortening; 
gq and p therefore need not be specified. 

The interesting point about this system is that it satisfies HILL’s 
equations exactly. Unfortunately it gives about 5 times too high a 
value for the maintenance heat, because of the great overlap between 
the functions defining f and g. Mathematically, this can be overcome 
if g is allowed to become negative when x has values near to h, but this 
is not permissible, at any rate without extra assumptions, as it implies 
the spontaneous reversal of a reaction which goes in the forward 
direction with the release of a large amount of free energy. For this 
reason, I believe that it is unprofitable to search further for schemes, 
within the framework of the general hypothesis that is under discussion, 
which obey HILL’s equations exactly, since this particular system is 
probably unique in giving an exact agreement, apart from a “family” 
of systems that can be obtained from it by transformations in which 
the ratios between /, g, and p are unchanged at each value of x, and 
which lead to the same relations between speed of shortening, tension, 
and rate of liberation of heat. 
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IV. 4. Consequences of the hypothesis 


IV. 4. 1. Lengthening of a stimulated muscle 


Several interesting results come out if one follows up the consequences 
of this hypothesis. The first that I shall deal with concerns the tension 
in the muscle when it is forcibly stretched during tetanic stimulation. 
Hitt (1938) found that there is a discontinuity in the force-velocity 
curve at the point where the velocity reverses: the increase of tension, 
above isometric, required to produce a given small speed of lengthening 
is much greater than the drop in tension which allows an equal speed 
of shortening. Katz (1939) investigated this further and his curves 
(fig. 5) show that — dP/dJ’, the slope of the force-velocity curve, is 
about six times greater for slow lengthening than for slow shortening. 
Our hypothesis leads to a similar discontinuity, because during slow 
lengthening » falls off beyond 2 = A with a space constant equal to 
(—)v/g,, while during shortening the corresponding space constant of 
the deficit of n below its steady-state value is v/(f,; + g,), which is 
several times smaller. The resulting changes in tension are propor- 
tional to these space constants, but during lengthening there is also a 
drop in tension due to the fall of m near « = 0. The overall result is that 
the ratio of values of dP/dV for slow lengthening and slow shortening 
is f,/9,, which we have taken as 4-33. This figure is to be compared 
with Karz’s value of about 6. 

As the speed of lengthening is increased, » becomes appreciable at 
greater and greater values of x, and we are assuming that g rises in 
proportion. Hence, the dissociation of A.W links becomes more rapid, 
while on the other hand there is less time for the links to be formed 
because of the greater speed. Together these two factors set a limit to 
the rise of tension; as the speed is increased indefinitely the tension 
approaches asymptotically a value P,(f, + g,)/g,, or 5°33P, with the 
values taken here. This is qualitatively similar to the “give” or “‘slip” 
which happens when a muscle is stretched during a tetanus, at anything 
but a very low speed (HILL, 1938), but Karz (1939) found that the load 
needed to cause very rapid lengthening was only 1-8 Pp. 

A qualitative explanation is also given for another phenomenon 
described by Karz (1939, fig. 7). A muscle is tetanized and allowed 
to*shorten under small load until it reaches a stop; then, before it has 
had time to develop much tension, a load about equal to the isometric 
tension at the shortened length is applied. The muscle is considerably 
stretched, and then shortens again to approach the stop asymptotically. 
The explanation would be that during the initia! rapid shortening the 
total number of links in existence is small, as shown in Fig. 7 (p. 286). 
If the load is applied before the number of links has had time to 
increase, it will be more than they can hold, and the muscle will “give.” 
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A limit to the quick stretch is presumably set by the fact that the 
muscle is being brought to greater lengths, at which the isometric 
tension of which the muscle is capable is also greater. 

So far, the system has accounted well for the behaviour of a muscle 
that is stretched during stimulation. But as it stands it does not 
predict correctly the amount of heat that is liberated. ABBoTr, AUBERT 
and Hitt (1951) found that during slow lengthening the rate of evolution 
of heat was increased by an amount which was less than the equivalent 
of the work done on the muscle; ABsBorr and AUBERT (1951) found that 
the total rate of evolution of heat, including the heat derived from the 
work done, might even be less than the maintenance heat rate during 
an isometric tetanus. On the system we are considering, the rate of 
evolution of heat (apart from mechanical work done) should increase 
with speed of lengthening in exactly the same way as the total rate of 
energy liberation increases with speed of shortening (equation 9). This 
discrepancy could be eliminated, at least qualitatively, if it were 
assumed that at the larger values of 2 the AM links were broken not 
by reaction (2) (p. 283) but by the reversal of reaction (1), which does 
not involve the splitting of a high-energy phosphate bond. There is 
no difficulty in principle about this reversal, of the kind that prevented 
us from assuming a reversal of reaction (2); indeed the equilibrium of 
reaction (1) is bound to go in favour of the dissociated state at suffi- 
ciently large values of « because of the large amount of energy needed 
to bring MV to the position where combination can occur, and the 
consequent rarity of collisions between A and J, 


IV. 4. 2. Unloaded shortening 

It has been assumed tacitly that the only factors limiting the speed of 
shortening are the applied load and the resistance generated by those 
links which are still connected after 2 has become negative. For a 
given speed of shortening, the second of these terms will be pro- 
portional to the number of sites which are activated, as also is the 
tension generated by the contraction process. If the load is zero, 
therefore, the tension generated and the internal resistance to shorten- 
ing will become equal at a speed of shortening which is independent of 
the number of sites that are active; in other words, the speed of 
unloaded shortening is independent of the degree of activation. In the 
real case, no doubt there are other kinds of resistance to shortening 
which do not decrease proportionately with the degree of activation, 
so that the speed of shortening would fall off when the degree of 
activation becomes very small, but nevertheless this argument does 
show that the independence might hold, within experimental error, 
over a large part of the range. This result, which would probably be 
true also for many other types of contractile system, suggests that 
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caution is necessary in interpreting the rapidity with which speed of 
shortening reaches its maximum after a stimulus as evidence that 
activation is complete equally early (HiLL, 195la; ApBsBorr and 
Rircute£, 1951b). 


IV. 4. 3. Activation and relaxation 
The concepts of active state and degree of activation, introduced by 
A. V. Hit, have been very fruitful in reducing a wide range of pheno- 
mena in muscle to dependence on a single variable. A muscle is said 
to be in the active state when it is capable of shortening or developing 
tension; during full activation it obeys HiLL’s characteristic equation. 
The degree of activation at any instant is measured by the tension 
which the muscle can just hold without either shortening or lengthening 
(Hiti, 1949¢). Hii and others have shown that to a large extent the 
time course of tension in a twitch can be explained by supposing that 
the degree of activation rises from zero to its maximum very quickly 
after the stimulus, stays at its maximum for an appreciable time, and 
then falls away gradually to zero. The relatively slow rise of tension, 
and the failure of tension to reach, in a twitch, the value that it 
achieves in a tetanus, are explained by the presence of a series elastic 
element which the contractile elements have to stretch by a finite 
amount in order for the tension to appear at the tendon. Relaxation is 
explained simply as the disappearance of this active state (HILL, 1953b). 
On the hypothesis that we are discussing here, activation in this 
sense involves two distinct steps. The first consists in allowing reaction 
(3) (p. 283) to occur; this reaction is the removal of the phosphate 
groups which during the resting state have been preventing the A 
elements from combining with M. The second step is the actual 
formation of the A—M links. Nothing has been said so far about 
reaction (3) except that during a fully developed tetanus it is so fast 
as not to be a limiting factor. If we assume further that it is complete 
practically instantaneously after a stimulus, there will still be delay 
in the development of the degree of activation as defined by HILL, 
because the muscle can only hold tension in proportion to the number 
of AM links that have been formed, and the rate of formation of these 
links is set by the rate constant f which is finite and is related to the 
maximum speed of shortening of the muscle. The same distinction 
arises in relaxation: even if the degree of activation fell to zero 
suddenly because reaction (3) was stopped, the AM links already in 
existence would persist for a finite time, their number decaying with 
the rate constant g. So long as any of these links persisted at the end 
of an isometric twitch, there would still be some tension, but the muscle 
would not be capable of continued shortening if the load was removed 
because no new AWM links could be formed. 
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Reaction (3) was chosen somewhat arbitrarily on p. 283 as the one 
that was inhibited during the resting state, and it was mentioned 
there that inhibition of reaction (1), the actual formation of the links, 
might equally well be the means by which relaxation was produced. 
Even if this was so, there would still be two steps in activation, namely 
the removal of this inhibition and the formation of the links: even if 
the first of these was instantaneous, the second would only take place 
with the rate constant f. Short of postulating a dual nature for the 
initial step, I have not been able to think of any variant of the general 
hypothesis which would not give two stages in both activation and 
relaxation. 

If, then, two-stage activation and relaxation are necessary conse- 
quences of the hypothesis, it is natural to ask whether there is any 
experimental evidence for either or both of these phenomena. One case 
where such evidence exists is in the indirect flight muscles of certain 
insects and the tymbal muscle of cicadas, where PRINGLE (1949, 1954) 
has shown clearly that two distinct kinds of activation are involved. 
In their normal activity in situ, these muscles contract in an oscillatory 
manner at a frequency very much higher than the frequency of the 
action potentials in their fibres. In the cicada muscle, PRINGLE shows 
that a single action potential produces an active state lasting between 
50 and 100 msec, which can summate with the effects of succeeding 
stimuli. When the muscle is attached to a lever for recording its 
contraction, an ordinary twitch or tetanus results, but if it is in situ, 
it performs a series of contractions at intervals of 3-10 msec so long 
as the active state is at a sufficient level. Each of these contractions 
causes the tymbal (the “drum” with which the cicada makes its song) 
to click from an “‘out”’ to an “in” position; about 1 msec after this 
contraction the tymbal clicks out again, stretching the muscle. Clearly, 
some kind of de-activation must have occurred as a result of the shorten- 
ing, which allows the outward click to occur; this must last for only a 
very short time as the muscle contracts again a few milliseconds after 
the outward click and repeats the cycle: up to 8 of these cycles may 
occur within 40 msec or so after a stimulus which produces only a 
single action potential. On our hypothesis, the effect of the action 
potential might be to remove the inhibition of reaction (3) for say 
50 msec, while shortening might cause dissociation of the AM links, 
which would then need a certain time to reform. The important point, 
however, is that these muscles—admittedly very specialized ones— 
show two quite distinct kinds of activation. 

In ordinary muscle it might be expected that, if these two stages 
exist, they would be easier to distinguish during relaxation than at 
the beginning of a contraction, since it was shown above that the 
time constant for breaking the AJ links in relaxation (= 1/g) should 
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be several times longer than the time constant for forming them at 
activation (= 1/f). In an isometric twitch, this two-stage relaxation 
would show up by the active state (detected for instance by the ability 
of the muscle to redevelop tension after a quick release) falling to zero 
while there was still considerable tension remaining. This point does not 
seem to have been submitted to direct experimental test, but several 
published results suggest that muscles do behave in this way. For 
example, in the contraction shown in fig. 1 (top curve) of a paper by 
RiTcHiE and WILKIE (1955) the degree of activation has fallen to 7 per 
cent of its maximum value at 330 msec after the stimulus, while the 
tension is still 90 per cent of its value at the peak of the twitch, and 
74 per cent of the isometric tetanus tension. 

It also seems difficult to explain some of the quick stretch phenomena 
described by Karz (1939) without distinguishing between two steps 
in the activation process (cf. pp. 291 and 308). 


IV. 5. Size and number of contraction sites 
IV. 5. 1. Range of movement of side-pieces 
A rough estimate of the value of h, the largest displacement at which a 
side-piece can become attached to an actin filament, may be obtained 
as follows. On p. 288 it was shown that the quantity 4(= (f; + 9,)A/s) 
came out to be equal to HiLw’s 6; hence 


h = bs/(f, + 9,). ee 


Now g,/(f; + 9,) was set at 3/16, in order to give the right amount 
of maintenance heat; hence h = 3bs/16g,. 6 and s are known (for 
frog muscle at 0°C), and an estimate for g, can be obtained from the 
decay of tension at the end of an isometric twitch, accepting pro- 
visionally the interpretation given in the last section. The same curve 
in Rrroste and WILKIkr’s paper that was referred to in that connection 
gives the time constant of decay of tension as about 150 msec at about 
500 msec after the stimulus, when the degree of activation appears to 
have fallen to zero. This time constant should be of the order of 1/9; 
this is not an exact equality because g varies with x (so that the 
theoretical time course is not exponential), and only reaches g, when 
x =h. Hence 1/9, is likely to be less than 150 msec; we might take 
100 msec, making g, = 10 sect. Now Hitt (1938) found that 6 is 
about 4 sec~!, and s is about 2-5 ~; inserting these values in the above 


equation we obtain 


156 A, 


This figure is subject to considerable uncertainties. Thus, the values 
taken for 6 and for g, were obtained from different frogs, and the 
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estimate of g, was in any case very rough; also the value for the 
ratio f,/g, was obtained on the somewhat arbitrary assumptions (a) 
that the whole of the maintenance heat is derived from the breaking 
of AM links at values of x between 0 and h, and (6) that no links are 
broken by a reversal of reaction (1). None the less, the value is one 
that would fit in well with the attractive possibility that the side- 
pieces are placed at intervals along the filaments equal to the 415-A 
period which has been observed with X-rays (Bear, 1945; H. E. 
Hux ey, 1952, 1953b) and in the electron microscope (HALL, JAKUS 
and Scumirr, 1946; Draper and Hopar, 1949). 


IV. 5. 2. Distance between successive A sites 
On p. 286, a formula for the tension during tetanic stimulation was 
derived (equation 11). Putting V 0. we obtain for the isometric 
tetanus tension 

MSW 


ee ee ....(14) 


w was set at fe, and f,/(f,; — g,) at 13/16, so that 
*305 mse/ Po. Rr 


Values for the quantities on the rig 
be obtained as follows. s is 2-5 4 or 2-5 x 10°-*em: P, for frog muscle 


ght-hand side of this equation may 


is about 2 kg/em*, or 2 x 10° dyne/em?. m, the number of JV sites per 
cubic centimetre of muscle, may be provisionally identified with the 
number of myosin molecules in the same volume; this may be calcu- 
lated from a concentration of 8 g/100 ml. and a molecular weight of 
840,000 (WEBER, 1950) to be 5:7 x 10'8/e.c. If the heat of hydrolysis 
of the high-energy phosphate group is taken as 10 kcal/mole, then eé is 
7 x 10% erg/molecule. Inserting these values, we obtain / = 153 A. 
The interpretation of this result is complicated by the fact that it is 
close to the estimate we have just obtained for h. Equation (6), from 
which equations (11) and (15) were derived, assumes tacitly that / is 
considerably greater than h, so that each WM site is always free from its 
last attachment to an A before the next A presents itself for combina- 
tion. If / was really smaller than h, the calculation we have gone 
through would probably give the value of h, not of /; the relationships 
between force, velocity and heat production would also be modified if 
/ was not appreciably greater than h. We may conclude either that / 
is equal to or smaller than h, in which case the figure we have obtained 
is a confirmation of the other estimate of A but the formulae for the 
force-velocity relation, etc. are no longer exactly appropriate, or else 
that J is about 150 A and h is appreciably less, say 100 A, which would 
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probably not be too small a value to conflict seriously with the earlier 
estimate. 


IV. 5. 3. Spacings expected on structural grounds 

Estimates of the spacings of myosin and actin molecules along their 
respective filaments can be obtained from the quantities of the pro- 
teins present, their molecular weights, and the arrangement and spacing 
of the filaments deduced from H. E. Huxuey’s X-ray and electron- 
microscope observations. These calculations have been made by 
Hanson and H. E. Huxuey (1955, p. 253). For the myosin filaments, 
assuming that there are six molecules abreast (one facing each of the 
six actin filaments which surround the myosin filament), they find 
that the longitudinal spacing comes out to about 400 A, agreeing 
remarkably with the well-known 415-A period seen with X-rays and 
the electron microscope. Each actin filament is surrounded by three 
myosin filaments; assuming therefore three actin molecules abreast, 


they calculate a longitudinal spacing of about 130 A. This is close to 


the upper limit that was obtained in the last section for the distance 
between successive A sites with which any one VW site can combine: 
it would be very natural to identify this with the spacing of actin 
molecules along a filament. 


IV. 6. Discussion 

At the outset, it must be emphasized that the agreement which has 
been achieved with some aspects of the known behaviour of muscle 
is not to be regarded as grounds for accepting the scheme which has 
been put forward. There is little doubt that equally good agreement 
could be reached on very different sets of assumptions, all equally 
consistent with the structural, physical, and chemical data to which 
this set has been fitted. The agreement does however show that this 
type of mechanism deserves to be seriously considered, and that it is 
worth looking for direct evidence of the side-pieces, and of the localiza- 
tion of enzymic activity, which have been postulated. 

Quite apart from the possible value of this scheme as a working 
hypothesis, several of the results are of more general interest. The 
proposed mechanism may be described as cyclic, in the sense that the 
number of sites in a given condition is not affected by shortening: 
each side-piece goes through cycles in which it combines with the actin 
filament by one reaction and is separated from it by another. The 
final states of the side-piece and of the site to which it was attached are 
the same as their initial states; the only changes are that the muscle 
has shortened, an energy-rich phosphate bond has been split and work 
may have been done. The mechanism may be contrasted in this respect 
with any of the theories that postulate folding links in series: in these 
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the number of links in the folded condition increases as the muscle 
shortens. Mechanisms based on the sliding hypothesis are not neces- 
sarily of the cyclic type: of the three classes of mechanism defined on 
p. 279 (2) and (3) are cyclic but (1) is not. 

In a cyclic system, work may be done several times at each site 
during a given contraction, while in other systems net work can only 
be done once. If the work per cycle at one site in the first case is of the 
same order of magnitude as the work per link folded in the second (e.g. 
because both are related to the free-energy release on hydrolysis of an 
energy-rich phosphate bond) the number of sites per unit volume will 
come out smaller in the cyclic systems than in others. This is illustrated 
by the fact that the molecular weight of the active unit of myosin is 
assumed here to be 840,000, while both Szent-GyOreyI (1953, p. 36) 
and Po.issaR (1952d), assuming non-cyclic systems, arrive at figures 
of around 40,000. 

Another point is that several of the general questions that have been 
asked about muscle (for instance, whether energy-rich phosphate is 
split during contraction or during relaxation) may lose their meaning 
in connection with cyclic mechanisms. Thus, in the system developed 
here, phosphate is split off, by the same reaction, during both contrac- 
tion and relaxation. Similarly, the question discussed by Moraes 


et al. (1955), whether contraction is produced by the combination or 
by the splitting of ATP, has no answer on a system of the kind discussed 


here: the immediate cause of tension development is the actual forma- 
tion of the links between actin and myosin. 

In this system, as in PoLtssar’s, HILw’s relations between load, 
speed of shortening and heat production are brought out as approxi- 
mations. This is perhaps rather unsatisfying, but it does act as a 
reminder that theories need not be discarded simply because they do 
not lead exactly to the mathematical formulation that was given by 
HILL, so long as they fit the experimental data adequately. 

A feature of some general interest is brought out by considering the 
second of HiLu’s relationships (p. 287) in a slightly different form. It 
is usually expressed by saying that the total extra rate of energy 
liberation (in excess of the maintenance heat) increases linearly as the 
load is reduced below the isometric tension, being equal to b(P, — P). 
If we substitute for P the value given by HILw’s characteristic equation, 
this becomes b(P, + a)V/(V + 6). Thus, as the speed of shortening 
increases, the total rate of energy liberation rises rapidly at first and 
then more slowly (cf. Fig. 11). This shows directly that the amount 
of chemical change per unit amount of shortening is not a constant, 
but falls as the speed of shortening rises. D. M. NrgpHaAm (1950, 
pp. 48-49) drew attention to this point, concluding that individual 
sites were active more than once during a contraction if it were carried 
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out at low speed, and that, even if ATP breakdown were associated 
with restoration of the protein chains, it might occur during the con- 
traction phase, bringing the sites into a condition in which they could 
react again, as well as during relaxation. In the system described here, 
the fall of energy liberation for unit shortening as the speed is increased 
is provided for by giving a finite (as opposed to infinite) value to the rate 
constant f for the formation of the links: as the speed of shortening is 
increased, there is a parallel rise in the chance that a pair of 4 and 
M sites will pass each other without any chemical reaction taking 
place. 

It is natural to ask whether the mechanism proposed here for 
striated muscle could account also for the contraction of smooth 
muscle, On general grounds, it is to be expected that the mechanism 
is fundamentally the same in both types, so that it would be unsatisfac- 
tory to postulate for one type a mechanism that clearly cannot exist 
in the other. Not enough is known at present about the submicroscopic 
structure of smooth muscle to make a definite statement either way, 
but there does not seem to be anything to exclude the possibility that 
smooth muscle contains, in a much less orderly arrangement, filaments 
which are moved past one another by a mechanism similar to that pro- 
posed here for striated muscle. The absence of any marked change in 
the wide-angle X-ray pattern (ASTBURY, 1947) and in the strength of the 
intrinsic component of the birefringence (FISCHER, 1944) when smooth 
muscle is stretched or shortened over a wide range, do indeed suggest 
that the filaments move relative to one another without much internal 
rearrangement; and as long ago as 1936, BozLeR suggested that the 
mechanical behaviour of smooth muscle could be more easily explained 
by assuming that contraction took place by relative movement 
between the molecules, than by changes in their shape. 


V. OrueR PHENOMENA IN MUSCLE 

The hypothesis of muscular contraction set out in the preceding 
sections was originally developed as an attempt to fit together the 
available information on (1) muscle structure, (2) the relationships 
between shortening, tension and heat liberation, and (3) the outstanding 
facts concerning the interactions of actin, myosin and ATP. There are 
of course many other phenomena which may provide important clues 
to the mechanism of contraction and which will have to be explained 
by any theory which aims at completeness. In the following para- 
graphs, some of these phenomena will be discussed in relation both to 
the idea that length changes take place by sliding of actin and myosin 
filaments past one another, and to the particular hypothesis which 
has been developed here. Possible new interpretations of the data 
emerge in several cases. 
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V. 1. Larly changes in a twitch 
Several physical changes are known to occur very early after a stimulus 
is applied to a muscle, all being apparent during the latent period 
before the rise of tension or shortening of the muscle begins, and being 
complete well before the peak of the twitch. The principal ones are 
the following. 

(1) A small drop in tension (the ‘latency relaxation’’) precedes the 
main rise (RAUH, 1922; SCHAEFER and GOPFERT, 1937: SANDOW, 
1944, 1947). 

(2) The torsional rigidity of an isolated fibre increases (STEN- 
KNUDSEN, 1953). 

(3) An increase in the hydrostatic pressure to which the muscle is 
subjected causes an increase in the tension that is subsequently 
developed (‘‘alpha process,’ Brown, 1934, 1936, 1941). 

(4) The resistance of the muscle to passive stretch begins to rise 
about half way through the latent period (A. V. HiLi, 1950b, 1951b). 

(5) The rate of heat production rises rapidly to its maximum about 
half way through the latent period (A. V. Hin, 1949b, 1950a, 1953a). 

(6) The amount of light diffracted by the striations decreases 
(D. K. Hi, 1953). 

Probably all of these changes begin at about the same time, but there 
is a good deal of uncertainty, partly because parallel measurements 
have been made in only a few cases (1 and 6, D. K. Hix, 1949; 4 and 
5, A. V. Hit, 1950a,b), and partly because the time resolution is not 


good enough in some cases (2 and 3) for precise comparisons to be made. 
The later part of the time course is obscured by other changes which 


accompany the contraction itself, except in cases 2 and 3. 


V.1. 1. Latency relaxation 

The amplitude of the early fall in tension, and the duration of the period 
in which the tension is below its resting value, are both found to increase 
as the muscle is stretched (Sanpow, 1944; AppBorr and Rrrcute, 
195la). A. V. Hitt (1951b) has pointed out that this is difficult to 
explain if it is assumed that the relaxation is due to a lengthening of a 
structure which is in series with the contractile element and with the 
“series elastic element’’ which limits the rate of rise of tension: if the 
increase in the amplitude of the latency relaxation were due to increased 
stiffness of the series elastic component, then the rate of rise of tension 
ought to be increased for the same reason, and the time at which the 
tension curve re-crossed the baseline ought to have been unchanged. 
The observation would however be easily explained if the relaxation 
was due to the lengthening of a structure in parallel with both the con- 
tractile and the series elastic elements. This was difficult to fit in with 
the accepted idea that the contractile material was continuous along 
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the fibre even at rest; almost the only remaining possibility was the 
rather improbable one that the latency relaxation took place in the 
sarcolemma and did not involve the contractile material at all. The 
difficulty disappears however if the sliding model is adopted. If it is 
supposed that some part of the resting tension is taken by the actin 
filaments and the S filaments by which they are joined, then the 
latency relaxation could be the result of a lengthening of the actin 
filaments (Fig. 1), which could allow the elastic S filaments to shorten, 
reducing their tension. If the tension in the S filaments behaves at all 
like the total resting tension (increasing roughly exponentially with 
stretch), the tension drop for a given elongation of the actin filaments 
will increase with muscle length. The S filaments are not stretched by 
the contractile process and therefore have nothing to do with the series 
elastic element; there is therefore no reason to suppose that the latter 
becomes less compliant with increase of muscle length. 

On this argument, the latency relaxation should represent a length- 
ening of the actin filaments. There is at present no evidence for an 
elastic connection from the end of each myosin filament to the adjacent 
Z line, but equally there is nothing to exclude this possibility; if such 
a thing existed it would be possible for lengthening of the myosin 
filaments to produce a drop in tension, and the latency relaxation 
might represent a change in them and not in the actin filaments. In 
either case, however, it is necessary to assume that the lengthening 
takes place in one type of filament independently of the other, and does 
not involve for instance a relative force generated between the actin 
and myosin filaments. 

In the sequence of events which follow stimulation of a muscle, the 
change which underlies the latency relaxation must come earlier than 
the contraction itself. It is therefore probably a link in the chain of 
events which leads to activation of the contractile mechanism, and if 
it is indeed a change in the actin filaments, it is natural that the struc- 
ture which conveys activation inwards from the membrane should be 
located in the 7 bands, as appears to be the case (p. 275). 


V. 1. 2. Increase in torsional rigidity 

STenN-KNupSEN (1953) found that the torsional rigidity of an isolated 
fibre of the frog begins to increase before the main rise of tension, 
reaching a plateau at about one-third the contraction time and main- 
taining this level until well into the relaxation phase. He very naturally 
explained this early rise as being due to an increase in the number of 
cross-links between longitudinal protein chains, but this introduces a 
difficulty if the myosin and actin are distributed in the way shown in 
Fig. 1. Cross-links would be expected to be formed only in the zone 
of overlap, and the low rigidity of the J and H bands would prevent 
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any large change from being detected at the tendon ends. With the 
fibre at ‘equilibrium length”, where the actin filaments of the two ends 
of each sarcomere are just in contact at the middle of the A band, 
STEN-KNUDSEN found a 20-fold increase of torsional stiffness, while the 
largest effect that could be expected from increased rigidity in the A 
bands alone is a fourfold increase, since at this muscle length the / band 
forms about a quarter of the sarcomere. It is difficult to suggest what 
the nature of the change may be, especially as there is no evidence at 
present whether it arises within the fibrils, from connections between 
the fibrils (e.g. the Z membranes) or from sarcoplasmic structures. 


V. 1.3. The “alpha process” 

Brown (1934, 1936, 1941) showed that the application of a pressure 
of a few hundred atmospheres to a muscle during the early part of an 
isometric twitch would cause an increase in the peak tension and in 
the rate of rise of tension, even though the pressure had been reduced 
to normal by a tenth of the contraction time. BRown’s suggestion 
(1941), that the high pressure acts by favouring the alteration in chemi- 
cal behaviour of the muscle that results from stimulation, appears to 
require that the degree of activation in HiL.’s sense should be increased, 
but this appears to conflict with the evidence (Hini, 1949¢; Mac- 
PHERSON and WILKIE, 1954) that activation is complete even in a 
twitch at atmospheric pressure. A possible alternative explanation is 
suggested by the sliding mechanism, together with Brown’s further 
observation that the application of pressure later in a twitch (e.g. near 
the peak) causes a sudden fall of tension (as well as an accelerated 
decay if the pressure is maintained). This suggests that increased 
pressure causes lengthening of either the actin or the myosin filaments 
(or both); if this is so, then a high pressure at the time when links are 
first being formed between the actin and myosin filaments will cause 
the filaments to become united with a greater degree of overlap, 
and the release of pressure will act just like a quick stretch, which is 
known to cause an increase in the tension subsequently developed in 
the twitch by helping to stretch the series elastic elements (HILL, 1949¢e),. 


V. 1.4. Karly decrease of extensibility 

A. V. HIut (1950b, 1951b), showed that, if a muscle is stimulated while 
it is being stretched, an increase of tension is detectable at a much 
shorter interval after the stimulus than during a twitch without 
stretching. This effect begins at about the same time as the latency 
relaxation, and it has been generally assumed that both are manifesta- 
tions of the same underlying process. This does not fit in with the 
hypothesis developed earlier in this article, since the earliest connection 
between the actin and myosin filaments would generate tension, and 
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no change involving one type of filament only should be able to alter 
the extensibility of the muscle; it also does not fit with the idea that 
the latency relaxation is due to lengthening of filaments without 
interaction between the two types (p. 301). An alternative is to 
suppose that the tension-generating process (formation of links between 
actin and myosin) begins at a very low rate early in the latency 
relaxation. The amount of tension developed would at first be masked 
by the relaxation, which is occurring in parallel at the same time, but 
when the muscle is stretched, the decreased extensibility due to the 
links might cause the total tension to rise instead of fall. That such 
an overlap is possible is shown by SANDOW’s (1947) analysis of the time 
course of the early tension changes, in which the rate of rise of the 
component of tension generated by the contractile process itself was 
taken to be proportional to the extent of the lengthening which 
produces the latency relaxation, and a very good fit was obtained with 
the overall tension change. 


V. 1.5. Early heat liberation 

A. V. Hitt (1949a) has suggested that the heat liberated in a twitch 
consists only of activation heat and shortening heat, there being no 
component equivalent to the maintenance heat of a tetanus, which he 
regards as composed of the summed elements of activation heat that are 
liberated in response to the successive stimuli in maintaining the state 
of activation. In a sense, the scheme put forward here (pp. 279-284) 
fits in with this, in that both activation and maintenance heat must 
arise at least in part from the same reactions, but as far as that goes, 
shortening heat also arises from the same reactions. It would seem 
more natural, if that scheme is correct, to regard maintenance heat as 
something distinct from activation heat both in a twitch and in a teta- 
nus, the activation component being associated only with the initial 
decrease in the number of sites blocked by combination with X P (p. 283). 
The rate of liberation of activation heat would then be proportional 
to the rate at which sites are being converted to the state in which the 
links between actin and myosin can be formed. The actual formation 
of the links is further delayed because it takes place with a finite rate 
constant (f, p. 281), so that the degree of activation, in the sense of the 
ability to hold tension, which must be proportional to the number of 
links in existence, lags by two steps behind the rate of liberation of 
activation heat. On this basis, the early maximum in the heat rate is 
not direct evidence that activation is complete very soon after the 
stimulus. The activation heat may also contain a component corres- 
ponding to the formation of the links between actin and myosin, but 
this component could not, on this formulation, contribute appreciably 
to the early peak. 
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V. 1. 6. General discussion of early changes 
The discussion in the last few sections has led to postulating three steps 
in the activation process, apart from membrane changes and the 
inward spread along the Z membranes. These steps, which agree 
‘ather closely with those postulated by Sanpow (1947) in order to 
account for the early tension changes, are: 

(1) Some changes which allows the reaction AX P — A + X + PQ, 
to take place (reaction 3, p. 283). 

(2) The reaction AXP -—-A + X + PO, itself; this reaction is 
accompanied by the liberation of “‘activation heat’ and by the 
lengthening whose early stages show up as the latency relaxation. 

(3) The formation of the links between actin and myosin by which 
tension or shortening is generated. The “‘alpha process’’ would correspond 
probably only to the earlier part of this step: as more links are formed, 
an increase of pressure would be progressively less able to cause the 
relative motion between the two sets of filaments on which it was 
assumed (p. 302) that the effect depends. The increase of torsional 
rigidity would presumably also correspond to this step. 

Step (1) must proceed with a time constant of one or two milli- 
seconds in frog muscle at 0°C, since the rate of step (2), as indicated by 
heat production, reaches its maximum in a time of this order (HILL, 
1949b, 1953a). 

The time constant of step (2) might be set equal to that of the early 
fall in the heat rate (after shortening heat has been deducted); from 
A. V. Hiw’s work (1949c) this appears to be roughly 25 msec. This 
may well be an overestimate since the activation heat may contain 
an element corresponding to step (3). 

According to the hypothesis developed on pp. 281-288, the rate 
constant for step (3) is (f+ g). This varies according to the relative 
positions of the reactive sites; an average value for gy was taken on 
p. 295 as 6-7 sec™!, and (f + g)/g was given the value 5-33, so that 
(f +g) would be 35-6 sec, corresponding to a time constant of 
28 msec. 

These time constants for steps (2) and (3) are about right to account 
for the rise of torsional rigidity (assumed to correspond to step 3) 
being complete at about 100 msec after the stimulus (all times refer 
to frog muscles at 0°C). 


V. 2. Decreased extractability of proteins 
It has been known for a long time that the fibrillar proteins of muscle are 
much more easily got into solution from fresh muscle than from muscle 
in fatigue or rigor (Deuticke-Kamp effect). At the same time a new 
component appears in the extracts (contractine, Dusutsson, 1950). 
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BanGA and SZENT-GYORGYI (1943) showed that the decrease of extrac- 
tability is largely explained by the union of actin and myosin, supposed 
to be separate in the resting fibre, to form actomyosin, but the observa- 
tions of HAssELBACH (1953) suggest that other factors may also be 
involved. He found that a solution of ionic strength 0-6, containing 
pyrophosphate, will extract the myosin from minced muscle, leaving 
filaments presumably of actin but removing the Z lines. If the residues 
are broken up with a blender in the same solution, the actin is dissolved 
as well (HASSELBACH and SCHNEIDER, 1951); similarly, this solution 
dissolves both the actin and the myosin from fibrils prepared from 
fresh muscle (PERRY, 1955). On the other hand, fibrils prepared from 
muscle in rigor mortis lose only their myosin on extraction with this 
solution (HASSELBACH, 1953), the actin filaments and the Z lines being 
retained; fibrils from glycerol-extracted muscle appear to behave in 
the same way (Hanson and H. E. Huxuey, 1953). Thus, both the Z 
lines and the actin filaments are protected by rigor from being dissolved, 
while the actin filaments, but not the Z lines, are preserved in muscles 
which has been minced but not broken up into fibrils. Clearly some 
change has taken place in the material of the Z line on rigor. Possibly 
this is enough to explain also the increased resistance to extraction of 
the actin filaments, or an alteration may have taken place in them 
too, which is an interesting possibility in connection with an earlier 
suggestion that the actin filaments may undergo a lengthening when the 
muscle is activated (p. 301). 

The existence of a change in the physical properties of the Z line 
material further suggests that changes in this structure may con- 
ceivably be involved in some of the mechanical accompaniments of 
activation (e.g. the increase in torsional rigidity). On the other hand, 
it also suggests that rigor mortis involves definite activation of the 
contractile substance (since the function of the Z line appears to be to 
transmit activation) and not merely a union between actin and myosin 
resulting directly from the reduced ATP concentration. Suggestions 
that activation occurs in other kinds of rigor have recently been put 
forward on other grounds (SANDOW and SCHNEYER (1955) for iodo- 
acetate rigor, and Barnes, Durr and THRevLrALL (1955) for dinitro- 
phenol contractures). 


V. 3. Optical changes during a twitch 
V. 3. 1. Scattering of light 


The early decrease in the amount of light diffracted by the striations, 

discovered by D. K. Hiri (1949), was mentioned on p. 300. This early 

change is soon masked by a much larger effect, which appears to be a 

decrease in the amount of light scattered by the muscle, and which 
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follows roughly the time course of the tension (SCHAEFER and GOPFERT, 
1937; D. K. Hinx, 1949, 1953). This scattering occurs almost entirely 
in the direction at right angles to the long axis of the fibres, and must 
therefore be due to longitudinal elements of the muscle structure. 
These are presumably (a) the outlines of the fibres themselves, and ()) 
the threads of sarcoplasm that lie between the groups of fibrils. If we 
set aside the possibility that the change depends on an alteration in 
the shape of the fibres, then the decrease in scattering is probably due 
to a decrease in the difference of refractive index between sarcoplasm 
and fibrils. In isolated fibres under the interference microscope, it is 
quite clear that the sarcoplasm has a higher refractive index than any 
part of the fibrils (A. F. HUxLey and NIEDERGERKE, 1954), so that a 
decrease in the refractive index difference could indicate either a 
transfer of dissolved substances from sarcoplasm to fibrils, or of water 
in the opposite direction; the second seems a more likely possibility. 
There is no basis at present for estimating the magnitude of the shift. 


2. Decrease of birefringence 

It is well established that the strength of the birefringence of striated 
muscle falls during an isometric twitch (von Murat, 1932; BozLer 
and CorrRELL, 1937), the amount of the fall being a maximum (about 
30 per cent) if the muscle is near its natural length. This effect might 
also be accounted for by the shift of water from fibrils to sarcoplasm 
which was suggested in the last section as an explanation of the decrease 
in scattering. This could act in two ways: first, by concentrating the 
material which lies between the filaments in the fibrils, so reducing the 
refractive index difference which causes the form component of the 
birefringence, and second, by reducing any contribution, analogous to 
form birefringence, which may be made directly by the refractive index 
difference between the threads of sarcoplasm and the fibrils. If the 
movement of water went so far that the refractive index difference was 
actually reversed in either of these cases, then the form birefringence 
would increase again (since its strength is roughly proportional to the 
square of the refractive index difference); this is a possible explanation 
for the double-humped curves that were obtained by von MuRALT. 


4. Tetanus tension 


V. 4. 1. Absolute values 

The absolute values for the tetanus tension per unit cross-sectional 

area that are to be found in the literature for vertebrate muscle vary 

over a wide range. Frog muscle at 0°C appears to give from 1-5 to 

2 kg/em? (Hii, 1938; Haspvu, 1951); at room temperature, Haspu 

finds 2-5 kg/em?, while Ramsey and Street (1940) obtained 3-5 kg/cm? 
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from isolated fibres, which would correspond to about 3 kg/em 
whole muscle when allowance is made for intercellular space. Larger 
values are generally quoted for mammalian muscle (e.g. 5 kg/em? for 
rabbit muscle, WEBER, 1955. p. 273) but Rirente (1954) found only 
1-5 kg/cm? in rat diaphragm strips at 37°C. It would be valuable to 
know whether these differences are real, or whether they are the result 
of some accidental difference in technique or in the arrangement of the 
fibres; if they are real, the question arises whether it is the number 


in 


of active sites that varies, or the tension developed per site: the tension 
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Fig. 12. Arrangement of fibres in a muscle which might give a spuriously high 
value for the tension per unit area. Tendon, black; muscle fibres, shaded. The 
tension exerted at the tendons by the fibres shown is four times the tension 
generated by any one fibre, while the cross-sectional area of muscle fibre at 


any point is only twice that of the evlindrical part of a single fibre. 


per site is clearly important in developing theories of contraction 
(cf. p. 296). A point which does not appear to have been checked in all 
cases is whether the fibres of the muscle run from end to end. Even 
if the fibres are parallel, it would be possible for an arrangement such 
as is shown in Fig. 12 to produce a larger tension per unit area of the 
whole muscle than exists within the fibres themselves. The great 
majority of the fibres of the frog sartorius certainly run from end to 
end, but it is well known that in the longer muscles of vertebrates, a 
large number of fibres terminate with pointed ends within the muscle 
(ROLLETT, 1856; Krauss, 1869, pp. 2-6; ADRIAN, 1925). 

A. F. Huxtey and NIeDERGERKE (1954) pointed out that, if the 
tension in each filament is the sum of effects generated at a number of 


points in each zone of overlap between actin and myosin, then, other 
things being equal, a fibre with broad sarcomeres, and therefore a 
longer zone of overlap, would be expected to produce more tension 
This would be compensated by 


than one with narrow sarcomeres. 
slower contraction, since the number of contracting zones in series 
(double the number of sarcomeres) would be reduced in proportion. 
JASPER and Pezarp (1934) showed, in a comparison between different 
muscles of the same animal (crabs and lobsters), that speed goes with 
narrowness of striation, and BRENNER (1939) showed the same in a 
comparison between the three pairs of legs of Dytiscus, but I do not 
know of any data on absolute tension in these or similar cases. There 
is no comparable variation between different striated muscles of 
vertebrates: the striation spacing at rest length appears to be remark- 
ably uniform at about 2-5 wu. 
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There does not seem to be any explanation at present for the varia- 
tion of tetanic tension with temperature, nor for the failure of tension 
to be maintained in a constant current contracture. 


V. 4.2. The limit to shortening in a tetanus 

The fall of active tension in a tetanus as a muscle is extended beyond 
its unloaded length finds a ready (though by no means proved) explana- 
tion in the decrease of the width of each zone of overlap between actin 
and myosin filaments, and consequent decrease in the number of sites 
at which tension can be developed (A. F. HuxLey and NIEDERGERKE, 
1954; this assumes that the sites produce tension in parallel). There 
is no correspondingly simple explanation for the fall of tension with 
shortening below the unloaded length. This takes the muscle into the 
range of lengths where the actin filaments must be shortened (perhaps 
crumpled at their ends); the force required to produce this deformation 
might be directly reducing the tension which appears at the ends of 
the muscle. In a tetanus which is not unduly prolonged, the extreme 
shortening brings the muscle just about to the point where the myosin 
filaments come into contact with the neighbouring Z lines; further 
shortening only occurs (at any rate in frog muscle) if the muscle is 
brought into the “delta state’ (RAMSEY and STREET, 1940), which 
involves irreversible changes in the muscle. Again, it is conceivable 
that it is the stiffness of the myosin filaments that normally prevents 
further shortening. Alternatively, it may be that the degree of activa- 
tion is progressively reduced as the muscle shortens; this is suggested 
by the experiment of Karz (1939, fig. 6) in which he allowed a tetanized 
frog sartorius to shorten considerably and develop tension; he then 
applied a load greater than it could hold but less than the isometric 
tension the muscle could produce at its rest length. This load stretched 
the muscle beyond the point where the isometric tension should have 
been enough to hold it, and the muscle then shortened again to this 
point. This experiment suggests that the degree of activation was 
temporarily reduced, but there is no evidence whether this was a 
consequence of the shortening as such, or of the rapid stretch. 


V. 5. Distribution of other substances 


F 


V. 5.1. Sarcoplasmic proteins 

It was mentioned above (p. 306) that the sarcoplasm has a higher 
refractive index than even the A bands of the fibrils, at any rate in 
isolated fibres from the frog. One would naturally expect the reverse, 
since refractive index is probably a good measure of the total concen- 
tration of solid and dissolved matter present, and the fibrils contain a 
large amount of actin and myosin in the form of filaments which are 
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absent from the sarcoplasm. The / bands probably contain some other 
material as well as actin, since the refractive index difference between 
A and J suggests that the total concentration in J is about ? that in A 
(A. F. Huxtrey and NIEDERGERKE, unpublished), while this ratio 
should be about } if the J bands contained only actin. 

Presumably either the filaments are very highly hydrated, or else 
the soluble proteins of the sarcoplasm are at least partially excluded 
from the spaces between the filaments. The second of these explana- 
tions is suggested by the observation of WrBer (1934) that a dried 
“myosin”’ thread placed in a 15 per cent myogen solution would take 
up five or more times its volume of water without any change of dry 
weight, i.e. none of the myogen entered the thread. To explain this, 
WEBER postulated that the micelles composing the thread must be 
small enough, and therefore numerous enough, to leave spaces no larger 
than 90 A (based on a molecular weight of 81,000 for the main com- 
ponent of the myogen, with an allowance for a shell of bound water). 
On a simple calculation, the spaces between the filaments of fresh 
muscle come out to be much larger than this. In the A band, where 
both sets of filaments are present, the X-ray data of H. E. Huxtry 
(1952; Hanson and H. E. Huxtery, 1955) give the distance between 
centres of a myosin filament and each of its neighbouring actin fila- 
ments as 250 A; under the electron microscope the diameters of these 
filaments are 110 and 40 A respectively (H. E. Huxtery, 1953a), so 
that the gap is 175 A. For this figure to be reduced to 90 A by hydra 
tion, the filaments would need to be increased to more than twice the 
diameter found with the electron microscope, and even then the situa 
tion would not be explained since the gaps are very much wider in the H 
region and in the J band, and they also increase when the muscle is 
allowed to shorten; also, such a degree of hydration would probably 
be too high to be consistent with the strength of the form component 
of the birefringence, unless perhaps the filaments are tubular as is 


suggested in some electron microscope photographs (H. E. Huxtey, 
1953a; Hoper, 1955). An alternative possibility is of course that the 
fibrils are separated from the sarcoplasm by a membrane which is 
impermeable to the soluble proteins, but no such structure has yet been 
reported from electron microscope observations; or again, “long-range 
forces’ may be involved. The situation is altogether puzzling and 


deserves further investigation. 


V. 5. 2. Ultra-violet absorbing material 

The well-known measurements of CASPERSSON and THORELL (1942) 
show nearly all of the material with an absorption spectrum resembling 
that of the purines to be localized in the J bands. They state (without 
evidence) that 95 per cent of the material with this absorption consists 
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of the adenosine phosphates; if this is correct, their observations must 
mean that the concentration of ATP in free solution in the muscle fibre 
is very much less than the average concentration obtained by dividing 
the fibre volume into the total amount of ATP present. This is clearly 
a point of great importance for interpreting the role of ATP in con- 
traction; it appears to be commonly assumed that all the ATP is 
present in free solution. 

There seem to be two loopholes in CaspeRsson and THORELL’s 
work. The first is that their measurements were made on fixed fibres, 
and there was no actual check that some ultra-violet absorbing material 
did not escape from the fibres on fixation, though their photographs 
certainly show that the appearance of the fibres was not noticeably 
changed. The second is that figures for the nucleic acid content of 
muscle (Davipson, 1947; LESLIE, 1955) suggest that ATP may form a 
much smaller proportion of the absorbing material than is assumed 
by CAsPpERSSON and THORELL. The location of the ATP in the living 
fibre is of such theoretical importance that a check of these points 
might be worth while. 

It is interesting that some of CASPERSSON and THORELL’s photographs 
show the ultra-violet absorbing band to be double, so that the distri- 
bution of absorbing material corresponds to the position of the .V 
bands, which are probably formed by rows of regularly aligned granules 
(Rerzius, 1890), together with other sarcoplasmic structures. 

CASPERSSON and THORELL’s experimental findings were confirmed 
by ENastrom (1944), who also showed that the ash produced by 
microincineration at 500°C was localized in the J bands. He believed 
this ash to consist of phosphates, and to be derived from the adenylic 
acids and from creatine phosphate, but he did not mention as a possible 
source either the nucleic acids or the phospholipids; the latter appear 
to be concentrated in the J band, at any rate in mammalian muscle 
(Dempsey et al., 1946). 

HOAGLAND, SHANK and Lavrn (1944) also found absorption at 2537 A, 
again localized in the J bands (HOAGLAND, 1946). Their material was 
fixed in formalin and sectioned in paraffin, but there is no evidence 
whether some of the ultra-violet absorbing material had escaped. 


VI. Conciustons 

As a result of experimental work which has been carried out in the last 
three or four years, it is at last possible to give interpretations for the 
chief features of the striations of muscle. The following points can be 
regarded as very well supported, though perhaps not established 
beyond doubt in exactly the form stated. 

(1) The A band does not change in width during stretch and moderate 
shortening. 
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(2) The high refractive index and birefringence which distinguish 
the A band are due to rodlets of myosin. 

(3) Filaments of actin run across the J bands and into the 4A bands 
as far as the boundary of the less dense H region, which represents the 
gap between adjacent sets of actin filaments. 

(4) Except in extreme shortening, changes of muscle length take 
place not by stretching or shortening of either of these sets of filaments, 
but by their sliding past one another in each zone where they overlap. 

(5) The dense Z line which bisects the J band is concerned with 
conveying the influence of the electrical changes in the fibre membrane 
which accompany excitation to activate the contractile myofibrils. 

The point mentioned under (1) was foreshadowed by much evidence 
from nineteenth-century work, while evidence for (2) continued to accu- 
mulate up to about 1940. In each case, the old (and it now appears 
more correct) opinion was generally discarded, on evidence which now 
seems inadequate but which was supported at the time by theoretical 
considerations. This re-emphasizes the necessity for keeping experi- 
mental data clearly in view, whatever ideas about the mechanism of 
contraction may be current. 

These interpretations of the striation pattern are of great interest 
from the point of view of the nature of the contraction process. In the 
first place, they are sufficiently definite and detailed to play their part, 
alongside the biochemical and biophysical information, in the formula- 
tion of hypotheses. In the second place, they are not easily reconciled 
with the current idea that contraction takes place by the folding of pro- 
tein chains at a number of links in series; they therefore suggest new 
interpretations both of the contraction process itself and of many other 
phenomena in muscle. The greater part of this article is devoted to 
exploring some of the possibilities that are opened up in this way. 
A suggested mechanism of contraction, formulated with reference to 
the idea that shortening takes place by sliding, not folding, and to the 
main facts of the responses of glycerinated fibre preparations to ATP, 
is worked out in sufficient detail to show that it can account fairly 
well for the mechanical and thermal behaviour of muscle. Neither this 
however, nor the explanations that are tentatively proposed for various 
other phenomena, are at present beyond the stage of acting as working 
hypotheses. 

Note added in proof 


The experiments on local activation of a muscle fibre, apparently through 
the Z membrane (pp. 24-26), have been extended since this article was 
written (A. F. Huxtrey, Proc. Physiol. Soc. 2-3 November, 1956). 
The chief new findings are: 

1. In crab muscle, the sensitive region is not opposite the Z lines 
but is near to each boundary between A and /. When the membrane 
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is depolarized over such a point, only the adjacent half-/-band (from 
Z to A-I boundary) shortens. 

2. The experiments on frog muscle were repeated under the inter- 
ference microscope, when the Z line is clearly seen. It was confirmed 
that the sensitive region is opposite the Z line, and the contraction 
always involved both halves of the 7 band equally, even when a weak 
contraction was evoked by placing one edge of the pipette over the Z line. 

3. The extent of the inward spread of the contraction in frog fibres 
was found to be graded according to the strength of the applied 
potential even when the fibre as a whole was able to respond to an 
ordinary stimulus with an all-or-none twitch and propagated action 
potential. 

4. In frog fibres, the sensitivity to depolarization does not extend 
continuously along the line of contact between the Z membrane and 
the sarcolemma, but is restricted to spots whose separation along the 
perimeter of the fibre is of the order of 5 wu. 

Most of the conclusions reached on pp. 27-31 are strengthened by 
these results as far as the striated muscle of vertebrates is concerned, 
but clearly some structure other than the Z membrane is involved in 
arthropods. In the latter case, the Z lines must have some other 
function (cf. p. 30), and it is likely that the Z lines of vertebrate 
muscle perform this function, whatever it may be, as well as being 
involved in the inward spread of activation. 
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I. INTRODUCTION 

THE mechanism of photosynthesis, the process by which green plants 
use light energy and water to convert carbon dioxide into organic 
carbon compounds, may be considered from two aspects. Firstly from 
the biochemical point of view, that is the study of intermediates and 
their interconversions, and secondly from the physico-chemical point 
of view, that is the study of the mechanism of conversion of radiant 
energy into chemical energy. The intermediates concerned with the 
evolution of oxygen are not yet known, but the manner in which the 
carbon of carbon dioxide is incorporated into organic compounds is 
now reasonably well understood. Such knowledge of the biochemistry 
of photosynthesis imposes certain limitations as to the possible photo- 
chemical mechanism involved. This article will briefly review what is 
known of the biochemistry of photosynthesis, and then discuss how 
far our knowledge of the photochemistry of chlorophyll is adequate 
for an understanding of the necessary driving force. 


Il. GENERAL BrochemMicaAL MECHANISM OF PHOTOSYNTHESIS 
CALVIN (1955) has reviewed the work of his group with radioactive 
carbon, and therefore only a brief discussion is given here. Radioactive 
carbon dioxide was supplied, and the compounds formed by the plant 
in the light and dark determined by the use of autoradiographs of 
paper chromatograms. With periods of exposure of several minutes 
many of the same compounds were labelled both in light and dark: 
as the period of exposure was shortened certain compounds were 
preferentially labelled in light. Both algae and higher plants have been 
used, and the percentage of the total activity fixed in individual 
compounds determined as a function of the period of illumination. 
If a single chain of reactions is postulated, it follows that for very 
short times of exposure much of the activity will be present in the first 
intermediate; after a longer time the second intermediate in the chain 
will have a larger fraction of the activity, and finally the products will 
slowly progressively accumulate activity. With the shortest periods 
practically possible (2 sec) the percentage activity in phosphoglyceric 
acid (PGA) was 77 per cent, and would extrapolate to the order of 
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100 per cent for zero time of illumination. CaLvry concluded from this 
that PGA is the first intermediate in carbon fixation. As the time of 
illumination is increased, the percentage activity in PGA falls and that 
of other compounds, e.g. sugar phosphates, increases. For still longer 
periods of illumination the secondarily labelled compounds begin to 
decrease in activity, and a third group of compounds (the final products) 
become labelled to an extent which progressively increases with the 
period of illumination. 

The distribution of activity within the different carbon atoms of the 
molecules labelled was also investigated, and provided further evidence 
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Fig. 1. The mechanism of carbon incorporation in photosynthesis (after 
Catvry, 1955). The combination of a four-carbon fragment of the hexose with a 
triose will give the type of labelling observed in the seven-carbon compound 
sedoheptulose. The combination of a triose with sedoheptulose and a subse- 
quent cleavage to two 5C compounds will produce one pentose labelled only in 
the 3C atom and one labelled in the 3, 4, and 5C atoms. 
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as to the sequence of their formation. The PGA is at first labelled 
exclusively in the 1C atom, the hexose equally in the third and fourth, 
the sedoheptulose phosphate in atoms three, four, and five, and the 
ribulose phosphate in atom three and to a lesser extent in four and five. 
Hence the ribulose could be formed from the sedoheptulose and the 
hexose from the triose. Fig. 1 illustrates a possible mechanism of 
photosynthesis which could account for this observed sequence of 
labelling. Kinetic evidence has been found in support of this mech- 
anism. For example, reduction in the concentration of carbon dioxide 
results in a rapid decrease in radioactivity of ribulose, together with an 
increase in radioactivity of the three carbon compounds. Furthermore, 
the presence of the necessary enzymes has been demonstrated. Sonic 
extracts from Chlorella supplied with radioactive carbon dioxide and 
ribulose diphosphate form PGA in the dark (QUAYLE ef al., 1954). 
Spinach-leaf homogenates supplied with radioactive carbon dioxide, 
adenosine triphosphate (ATP), ribosephosphate, and reduced coenzyme 
(via. alcohol dehydrogenase or hydrogenase-coupled systems) will 
form labelled hexosephosphate in the dark (RackER, 1955). The 
mechanism illustrated in Fig. 1 suffices to interpret all the data so far 
obtained; furthermore it is consistent with contemporary work in 
other fields of biochemistry. 

A consequence of this mechanism is that in the green plant for each 
molecule of carbon dioxide reduced to the level of carbohydrate, two 
molecules of reduced coenzyme (DPNH) and three molecules of ATP 
are required. ATP formation has been shown to accompany the oxida- 
tion of DPNH in both animal and plant mitochrondrial systems. If 
it arises in this or a related way in photosynthesis, the primary require- 
ment to drive the photosynthetic cycle would be formation of DPNH. 
This could be formed ultimately from water by an oxidation-reduction 
reaction photosensitized by chlorophyll. 


Ill. THe ABSORPTION AND TRANSFER OF RADIANT ENERGY 


The photosynthetic algae and higher plants contain within the photo- 
synthetic centres, or chloroplasts, a number of pigments in addition 
to chlorophyll. It now seems certain that absorption by most of these 
pigments is effective in photosynthesis; the absorbed energy is trans- 
ferred to chlorophyll a, the pigment common to all photosynthetic 
organisms (with the exception of the photosynthetic bacteria), and 
apparently most directly concerned with the photosynthetic reaction. 
‘Two types of evidence indicate that such transfer of energy does take 
place in the plant. Firstly fluorescence of one pigment may occur 
when the plant is illuminated with light of a wavelength which is 
almost exclusively absorbed by a second pigment. For example, the 
diatoms contain in addition to chlorophyll a a carotenoid pigment 
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fucoxanthol. The quantum yield of chlorophyll fluorescence for light 
absorbed by fucoxanthol was found equal to that for light absorbed by 
chlorophyll (Durron, Mannine, and DueGar, 1943; Wasstnk and 
KERSTEN, 1946). The same has been found true of the phycobilin 
pigments which occur in the red algae (Haxo and Buinxks, 1950). 
The second type of evidence in support of energy transfer is that the 
quantum efficiency of light absorbed by pigments other than chlorophyll 
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Fig. 2. The absorption and action spectra for photosynthesis and fluorescence 
in Porphyridium cruentum (after DuysEns, 1952). The continuous line is the 
absorption spectrum; the broken line (- — -) shows the photosynthesis, and the 
symbols (——) the fluorescence per incident quantum as a function of wave- 
length. The vertical lines indicate the fractional absorption by individual 
pigments; —chlorophyll, +--+ phycobilins, and ———w— carotenoids. 
The figure demonstrates that energy absorbed by chlorophyll or phycobilins 

results in photosynthesis and chlorophyll fluorescence. 


is frequently as high as that of light absorbed by chlorophyll itself. 
In all cases so far examined there is an identity between the action 
spectra for photosynthesis and that for chlorophyll fluorescence (see 
Fig. 2). It is probable that chlorophyll a is the pigment most directly 
concerned in the photosynthetic process, the other pigments thus 
serving to extend the range of wavelengths which may be utilized by 
the plant. 

The mechanism of transfer of excitation energy is presumed to be 
that of inductive resonance. The necessary condition for such transfer 
is that the fluorescence spectrum of the transferring molecule should 
overlap the absorption spectrum of the receiving molecule. The 
efficiency of transfer is high if the distance between the molecules is 
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less than 50 A. Since there is an overlap of the fluorescence and 
absorption spectra of chlorophyll a, transfer of energy between 
chlorophyll a molecules themselves may be expected. The fluorescence 
yield of chlorophyll in the plant is about 1/10 or 1/100th that of 
chlorophyll in solution, indicating that the life of the excited molecule 
is such that about 100 transfers can occur in the plant (DuyseEns, 1952). 


IV. THe PHOTOCHEMISTRY OF CHLOROPHYLL 

The photochemistry of chlorophyll is most easily studied in homo- 
geneous dilute solutions. Such studies indicate the existence of a 
ground state and two singlet excited states corresponding to the red and 
blue absorption bands. The spectrum and quantum yield for fluor- 
escence of chlorophyll is the same whether excitation is by blue or red 
light. It follows that only one singlet state is the fluorescent state and 
the other state is shortlived (less than 10~?° sec), molecules transferring 
to the fluorescent state from this by a radiationless transition (internal 
conversion). The fluorescent or lowest excited state of chlorophyll has a 
life of the order of 10-§ sec and a maximum quantum efficiency of 0-25. 

The existence of a long-lived metastable excited state (frequently 
assumed to be a triplet state) of chlorophyll has been postulated on the 
basis of kinetic and spectroscopic studies. Recently LivrixesTon, 
PortTER, and Winpsor (1954) demonstrated the existence of such a 
metastable state by observing the change in absorption during and 
consequent upon a brief intense flash of light. An intense flash was 
found in absence of oxygen to change reversibly about 90 per cent of 
chlorophyll a in dilute solution to a new form which showed a maximum 
in absorption at 475 my with a smaller shoulder at 540 mu. The half- 
life of the new form was between 10-° and 10-4 sec (LivrnasTon, 
1955). When illumination ceases chlorophyll should, therefore, emit 
light resulting from transfer from the metastable state to the ground 
state via the fluorescent state with the same wavelength distribution 
as fluorescence; in addition light emission could result from the return 
of the metastable state to the ground state directly, the wavelength 
maximum being longer than that for fluorescence. Becker and KasHa 
(1955) have shown the existence of such an emission for chlorophyll 6 
studied in rigid solvents at low temperatures, the maximum being at 
a wavelength of 865 my; unfortunately no emission was observed 
with chlorophyll a. From a study of porphyrin derivatives they found 
this type of emission to be a general property of this class of compound 
and to be greater if the contained metal ion was paramagnetic and of 
high atomic number. The metastable state for chlorophyll is considered 
to be some 33 K above the ground state and thus about 10-5 K below 
the fluorescent state. 

The excitation energy of the lowest metastable (triplet) state is not 
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sufficient according to FRancK (1955) to permit transfer of hydrogen 
from the chlorophyll molecule even to such oxidants as molecular 
oxygen or quinone. FRANCK has suggested the existence of an excited 
triplet state resulting from the absorption of two quanta. The first 
quantum excites a chlorophyll molecule into the first excited state, it 
then transfers to the long-lived triplet state when it is again excited by 
transfer from an adjoining chlorophyll molecule in the first excited 
singlet state. With the estimated lifetime of the metastable state the 
rate of such photoactivation at low light intensities would be small: 
FRANCK points out that the probability of double excitation might be 
inereased when the chlorophyll is closely packed on a suitable surface. 

Thus there are three possible forms of excited molecule to initiate 
photochemical reactions. First, the singlet excited state with an 
energy per mole of 43 K, thought by some to be too shortlived to play 
any appreciable part in photochemistry; second, the metastable state 
with energy of 33 K; and last, an excited triplet state with energy 
possibly of 70 K. 

In addition to the different forms of excited molecule, there are 
chemically different forms in the ground state which may play a part 
in photosynthesis. Chlorophyll in organic solution is reversibly 
bleached when illuminated in complete absence of oxygen. ‘The 
absorption changes characteristic of the bleaching have been studied 
with chlorophyll in rigid solvents at the temperature of liquid nitrogen; 
they show a diminution of the red and blue peaks with enhancement 
of absorption in the far red (740 to 700 mu) and in the yellow green 
480 to 490 mu (LiInscuiTz and RENNERT, 1952). A reversible oxidation 
of chlorophyll in methanol by ferric ions in absence of oxygen (RABINO- 
witcH and WeEIss, 1937) results in a decrease in absorption between 
460 and 550 my, but with no sharp band. The brown intermediate in 
the phase test, probably an oxidation product of chlorophyll, shows a 
decrease in absorption in the red and blue with new peaks at 470 and 
540 mu (WELLER, 1954). 

KRASNOVSKIT and VOINOVSKAYA (1952) have studied the reaction 
in absence of oxygen between chlorophyll dissolved in organic solvents 
with such acceptors as ascorbic acid, riboflavin, and DPNH. Chloro 


phyll a in toluene is photoreduced in presence of phenylhydrazine and 
then shows absorption bands at 518 and 585 mu. The former band is 
attributed to the ion of the semiquinone form, the latter to the non- 


dissociated form. 

With this knowledge of the properties of the chlorophyll molecule, 
one may speculate how far chlorophyll is itself chemically changed 
during photosynthesis. FRANCK (1955) has proposed a detailed 
mechanism in which it is supposed that the hydrogen atom bound to 
C,, of chlorophyll is labile. He suggests that the oxygen atom at Cy 
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in the keto form is hydrated, and that after excitation to the triplet 
state the hydrogen atom of C,, is donated to an acceptor, whilst one 
of the hydroxyl groups of C, is transferred to an enzyme from which 
oxygen is ultimately liberated. (See Fig. 3.) A double bond is formed 
between carbon atoms 9 and 10 and the chlorophyll reverts to the 
ground state in its enol form. Before considering in detail mechanisms 
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Fig. 3. Above: the chlorophyll A molecule. Below: configurations of the 9 and 
10 carbon atoms. 


in terms of reaction between a single chlorophyll molecule and water, 
it is necessary to consider the physical state of chlorophyll in vivo, and 
to have some knowledge of other molecules with which it is associated. 
For example, Osrer ef al. (unpubl.) studied the effect of chemical 
bonding of dyes such as fluorescein and acriflavine upon their reaction 
with reducing agents such as ascorbic acid and glutathione. He showed 
that with certain dyes and weak reducing agents, photoreduction of 
the dye to the leuco form occurred only if the dye were bound to 
some polymeric substance, e.g. nucleic acid (compare OsTER, 1951). 
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Fig. 4. Electron micrograph of a section of mesophyll cells from the leaf of 


Nicotiana tobacum. Magnification 18,600. Three chloroplasts are shown each 


with several grana. The smaller bodies with internal structure which lie 
between the chloroplasts are believed to be mitochondria. (From PALapkR, 


1953, by kind permission of the author.) 








Fig. 5. Electron micrograph of a section of chloroplast from Aspidistra elatior. 

Magnification 43,000. The regions where the lamellae are closely packed are 

by several 

lamellae which continue through the intervening stroma region. With the use 

of a hand lens it may be seen that two opaque layers are joined at their ends 

showing the structure of the discs of the granum. (From STEINMANN and 
SJOSTRAND, 1955, by kind permission of the authors.) 


the grana; two adjacent grana may be mutually connected 
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Fig. 6. Electron micrograph of a section of a single cell of Chlorella pyrenoidosa. 


Magnification 57,000. The cup-shaped chloroplast is seen with lamellae extend- 


ing throughout its length. In the bottom right of the cell the pyrenoid is visible. 
(From ALBERTSSON and LEYon, 1954, by kind permission of the authors.) 
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V. CHLOROPLAST STRUCTURE 
The chlorophyll is concentrated in the plant cell in the chloroplast, a 
structure which shows considerable variation in external and internal 
morphology from plant to plant. During the past year the develop- 
ment of the Sjéstrand microtome for obtaining ultra thin sections has 
made possible electron micrographs of chloroplast structure of greater 
clarity than hitherto available. All chloroplasts examined show a 
laminated structure. In the algae e.g. Chlorella (ALBERTSON and LEyon, 
1954) the lamellae extend throughout the length of the chloroplast, 
whereas in the leaves of higher plants (with a few exceptions) the 
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Fig. 7. Diagram of chloroplast structure according to STEINMANN and 


Sos O6sTRAND (1955). 


lamellae are closely aligned in certain places along their length but are 
more loosely packed in between, e.g. Aspidistra (STEINMANN and 
SJOSTRAND, 1955). Figs. 5 and 6 illustrate these structures. The latter 
type of structure may be compared with the separation of highly 
pigmented regions (‘‘grana’’) from regions with less pigment (“‘stroma’’) 
seen in the visible light and fluorescence microscopes. The chemical 
structure responsible for the differential absorption in the electron 
microscope after fixation with osmium tetroxide is not known. 
STEINMANN and SJOSTRAND find the lamella to consist of 2 membranes 
joined at their ends; each membrane is about 65 A thick, and encloses 
a space of about the same size. From centre to centre of adjacent dises 
is about 250 A (Fig. 7). These values are consistent with the view that 
the structure is that of a double protein layer with lipoid between. 
Some differences in detail of interpretation are suggested by Hopas, 
McLean, and Mercer (1955) on the basis of studies of the chloro- 
plasts of Zea mays. It is tempting to relate this type of structure to the 
function of light absorption, and indeed a similar organization exists 
in the retinal rods; however, it is also present in mitochondria, which 
have no photochemical activity (FINEAN, SJOSTRAND, and STEINMANN, 
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1953). FREY-WyssLINnG (1955) suggests that in all these particles lami- 
nated structure may “facilitate exchange of energy and metabolites.” 

WOLKEN and ScHwertz (1953) suggest that the chlorophyll mole- 
cules may form a monomolecular film separating the lipid from the 
protein. Chemically chlorophyll is well suited to this orientation since 
it has hydrophylic groups in the side chains attached to the porphyrin 
rings, and a lipophylic phytol chain. These authors calculated the 
average number of chlorophyll molecules in a chloroplast in the 
flagellates Huglena and Poteriochromonas, and then from the known 
dimensions of the molecule it was possible to calculate the area of sur- 
face required for a monomolecular film. It was of the same order as 
the area of interface available as calculated from the electron micro- 
graphs. It was thought that space would be available between the 
chlorophyll molecules in the film for carotenoid pigments containing 
hydrophylic groups, e.g. xanthophylls. 


VI. THe CuLoroptast REACTION; PHOTOLYSIS OF WATER 
Hix (1939) first showed that chloroplasts isolated from the plant and, 
to a great degree regardless of their degree of fragmentation, liberate 
oxygen upon illumination in the presence of a suitable hydrogen 
acceptor. The general equation is 


4H,O + 2A ——> 2H,A + O, + 2H,0. 


This now well-known reaction has been shown with quinone, ferric 
salts, and such dyestuffs as dichlorophenolindophenol as hydrogen 
acceptor. The chlorophyll acts solely as a photocatalyst. The reaction 
has been referred to as photolysis and is thought of as a “‘splitting” of 
water by light into an oxidized and reduced radical. The oxidized 
radical results in liberation of oxygen, the “hydrogen” in reduction of 
added acceptors. Werssects and Havinea (1952) have recently added 
a large number of substituted quinonoid compounds as reagents. 
Horwitz (1955) has shown that Janus green can act as a suitable 
acceptor, but that it is self inhibitory and not as good a reagent as 
ferric salts. Amongst biological compounds cytochrome C, DPN*+ and 
TPN* have been shown to accept hydrogen, the latter two only when 
the thermochemical back reoxidation reaction is minimized, by reducing 
the oxygen pressure and removing the reduced product by a suitable 
reaction system (VIsHNIAc and OcHoa, 1952). Goop and Hii (1955) 
added riboflavin and flavine adenine dinucleotide to the list of suitable 
reagents ; this they demonstrated by continuously removing the reduced 
product by reaction with oxygen in presence of catalase and ethanol and 
determining the amount of reduction by the increased oxygen uptake. 
It has generally been considered that the acceptor for “hydrogen” from 
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the illuminated chloroplast need not be very specific. DAvENPoORT, 
Hitt, and WuHatLey (1952) have prepared from leaves a protein 
fraction which catalyses the reduction of methaemoglobin by illumi- 
nated chloroplasts. Activity has now been shown to be confined to a 
component in the protein fraction which runs electrophoretically as a 
single band. This substance also catalyses the reduction of cytochrome. 
In the latter case whole chloroplasts from chard were used which had 
little cytochrome C oxidase activity (DAveNrorT and Hii, 1955). 
Both components, methaemoglobin and cytochrome C, whose reduction 
is accelerated by the factor, are haem compounds. 

There is no evidence to show that carbon dioxide is an essential 
reagent for Hill reaction activity as implied by WarBurRG and Krip- 
PAHL (1955) who investigated the reduction of ferricyanide by whole 
Chlorella cells.* Many workers have shown photolysis in absence of 
any incorporation of radioactive carbon dioxide (BROWN and FRANCK, 
1948; ARNon, ALLEN, and WuHartLey, 1954). There remains the 
possibility that carbon dioxide is necessary in catalytic amounts but if 
this is so, it must then be in a form not freely exchangeable with 
external CO,; there is no evidence to support this. 

Until recently the maximal rates of oxygen production per chloro- 
phyll obtainable with chloroplast preparations at high light intensities 
(Qo,"') were considerably lower than the corresponding rates of 
photosynthesis. This may be due to the use of unsuitable reagents. 
An example of this is the use of quinone with Chlorella cells (Hill 
reaction). Scenedesmus appears to give higher rates with quinone than 
does Chlorella and the rate is apparently increased still further by 
addition of small amounts of 6-8-thioctic acid (BRADLEY and CALVIN, 
1954). A very active isolated chloroplast system—perhaps the most 
active yet available—is that of Davenport and HIwt (1955 /.c.) using 
chard chloroplasts, the haem factor from pea, and cytochrome-C. 
Qo,’ of the order of 4000 have been obtained at 20°C, a value well 
within the range of values for photosynthesis. 


VII. Kinetics OF THE CHLOROPLAST REACTION 

The chloroplast reaction is inhibited by many substances which 
inhibit photosynthesis, e.g. hydroxylamine, o-phenanthroline, and 
phenylurethane indicating that there are reaction steps common to the 
two systems. Other substances markedly inhibit photosynthesis, but 

* The author regrets that the term “Hill” reaction has been widely used to refer to 
oxygen production by whole algal cells in the presence of quinone or ferricyanide. The 
use of whole cells allows the possibility of oxygen evolution by normal photosynthesis, 
the added oxidant resulting in oxidation of carbon compounds to carbon dioxide in a 
dark reaction, which carbon dioxide is converted to oxygen in light. To avoid confusion 
the term “chloroplast”? reaction is used in this article to refer to the photolytic 
production of molecular oxygen catalysed by isolated chloroplasts. 
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inhibit the chloroplast reaction only after prolonged exposure (e.g. 
cyanide) or not at all. Inhibitors of sulphydryl groups such as iodo- 
acetamide and p-chloromercuribenzoate markedly inhibit photo- 
synthesis but, as recently shown by Fraser (1953), WESSELS and 
Havinea (1953) and Arnon, ALLEN, and WuatLey (1954) do not 
inhibit the photochemical reduction of quinone. Hence the primary 
photochemical reaction of photolysis does not require free SH groups 
for activity. On the other hand, the reduction of cytochrome C (or 
methaemoglobin) in the presence of the Hill and Davenport haem 
factor is inhibited by p-chloromercuribenzoate, and the inhibition is 
removed by addition of cysteine (Davenport and Hi, 1955 L.c.). 
This presumably then is a more complex reaction than photolysis 
involving at least two steps of which the second depends on -SH 
groups; possibly the factor is itself unable to act catalytically without 
free -SH groups. The participation of -SH groups in chloroplast 
photochemistry cannot then be excluded except in the simpler photolytic 
reactions, e.g. quinone reduction. 

The relationship between rate of oxygen production and _ light 
intensity has been compared for the Hill reaction and Chlorella photo- 
synthesis. CLENDENNING and EHRMANTRAUT (1950) compared oxygen 
production from Chlorella in presence and absence of quinone as a 
function of light intensity. They found the same initial slope (i.e. 
quantum efficiency) and the same maximal rate, but a difference in 
‘ate for medium light intensities. However, their observed maximal 
rates were low (in the case of photosynthesis by a factor of at least 5) 
and it is possible both maximal rates were limited by the same limiting 
process. As stated previously, the maximal rate for the Hill reaction 
will be dependent on the oxidant used. Davenport, HILL, and Wurr- 
TINGHAM (unpublished) have obtained light curves for pea chloroplasts 
in the presence of the factor catalysing the reduction of haem com- 
pounds and methaemoglobin, and it may be of interest to compare 
these with the light curve for photosynthesis of Chlorella for the same 
absorption of light energy by chlorophyll. In some experiments the 
same maximal rate for chloroplast reaction and photosynthesis was 
observed; but this was fortuitous, and in other experiments rates of 
chloroplast reaction were observed much higher than for the photosyn- 
thetic reaction (Qo.“' photosynthesis was 2500). In all our experiments, 
it was found that, despite differences in maximal rate and the fact that 
the two systems had the same rate at low light intensities, the chloro- 
plast reaction had a lower rate than photosynthesis at intermediate 
light intensities. This may indicate a basic difference between the 
reactions immediately related to the photochemical process in isolated 
chloroplasts and in the cell. 

Studies of the yield of oxygen by photosynthetic plants illuminated 
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with intermittent illumination have given evidence for the existence 
in vivo of several consecutive reaction steps following the photochemical 
reaction. When Chlorella is illuminated by light flashes of 10~° sec 
duration the oxygen evolved per flash depends on the length of dark 
time between flashes, and with increase in dark time approaches 
asymptotically a limiting value (EMERSON and ARNOLD, 1932). Thus 
there is a limited amount of energy which can be utilized during a 
single flash; the maximal yield being one oxygen molecule for several 
(2-10) thousand molecules of chlorophyll. One interpretation of this is 
that associated with a large number of chlorophyll molecules is a single 
centre wherein the photochemical energy can be transformed into a 
chemical form. The dark time required between flashes will then be a 
measure of the working time of this centre. Recent experiments show 
that, if the duration of the flash is lengthened, a second limiting yield 
and dark time is observed. This suggests a sequential transfer of energy 
or reducing power along a chain of reactants. 

Similar studies of the effect of intermittent illumination on the 
“Hill” reaction have also been made. EHRMANTRAUT and RaBINo- 
WITCH (1952) determined the yield per short (10~° sec) flash for quinone 
reduction, and found the same dark reaction velocity constant for 
maximal yield per flash (10-* sec) as for photosynthesis in Chlorella. 
ALLEN and FRANCK (1955) used longer flashes (0-5 . 10-3 sec) and were 
able to measure oxygen production from a single flash with the quinone 
reaction but not with photosynthesis in Scenedesmus when the oxygen 
pressure was 10-6 mm Hg. A longer flash (25 . 10-3 sec) gave measur- 
able oxygen production from both reactions. This difference may be 
related to the well-known induction effect present in photosynthesis 
but not apparent in the quinone reaction. A pair of short flashes even 
when separated by a dark period as long as | sec gave oxygen produc- 
tion in the quinone reaction in excess of twice that for a single flash, 
indicating the existence of some long-lived photoproducts. 

BRADLEY and Carvin (1955) showed that, with Scenedesmus illumi- 
nated by flashes of 10-4 see duration, the dark time required to obtain 
maximal yield was a function of the quinone concentration. This 
indicates that in Scenedesmus (unlike Chlorella) the dark reaction is 
rate limited even by the highest concentrations of quinone which can 
be used without toxic effects (3.10-3M). When 6-8 thioctice acid 
(7 . 10-4 M) was added in a concentration small compared with that of 
quinone the limitation was removed, and the dark time for maximal 
yield was reduced to the order of that found for Chlorella. As discussed 
in a later section this suggests a possible role for thioctic acid as an 
acceptor for the primary photochemical product. 

Horwitz (1954) investigated the rate of photosynthesis and of the 
quinone reaction in Chlorella as a function of light intensity in the 
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presence of H,O and D,O. At low light intensities substitution of 
D,O for H,O had little effect on the rate of photosynthesis; however, 
it did decrease the rate of the quinone reaction and to about the same 
extent as at higher light intensities. This suggests a possible difference 
in the way in which water reacts with the photochemical system. 
FRANCK (1955 L.c.) has suggested that in the quinone reaction the singlet 
state of chlorophyll may transfer hydrogen directly to quinone, recover- 
ing the hydrogen by reaction with water, whereas in photosynthesis 
chlorophyll in the metastable state is activated as a complex with the 
photosynthetic reactants. 


VIII. Reactions OF CHLOROPLASTS OTHER THAN PHOTOLYSIS 
VisHn1ac and OcnHoa (1952 /.c.) showed that chloroplasts could in the 
light reduce DPN* and TPN*; since that time it has been clear that in 
presence of a suitable enzyme system the reoxidation of this coenzyme 
by oxygen could be accompanied by phosphorylation. This type of 
oxidative phosphorylation, normally mediated by the cytochrome 
system, is dependent on the presence of oxygen or oxidized cytochrome, 
is inhibited by cyanide and uncoupled by DNP and methylene blue, 
and can be supplied with reduced coenzyme either in dark by addition 
of such acids as citric or malic or in the light in presence of chloroplasts. 

More recently there have been two independent observations of a 
light-induced phosphorylation in plastid preparations which appears 
to differ from oxidative phosphorylation in at least some respects. 
FRENKEL (1954) showed that illumination of Rhodospirillum fragments 
in the absence of oxygen resulted in phosphorylation of added ADP; 
further, this reaction was not inhibited by DNP (10-4 M) or by iodo- 
acetamide (10-?M) but was inhibited rather weakly by cyanide 
(10-°M). Watery, ALLEN, and ARNON (1955) found with “‘whole’’ 
chloroplast preparations from chard a light-induced phosphorylation 
which was inhibited by oxygen; it was stimulated by addition of vita- 
min K, ascorbic acid, FMN and Mg**, but not by addition of DPNH 
or TPNH. Furthermore, addition of tricarboxylic acid cycle substrates 
in the dark did not result in phosphorylation. Wuattey et al. (l.c.) 
were thus led to describe this reaction as “‘photophosphorylation.”’ 
They were able to prepare from the same leaves a particulate fraction 
of smaller average size which did not show photophosphorylation in 
light but was able to phosphorylate in dark when supplied with 
tricarboxylic acids. This dark phosphorylation was dependent on 
oxygen and inhibited by the usual inhibitors for oxidative phosphoryla- 
tion. OHMURA repeated the work of WHATLEY et al., and at first (1955a) 
obtained preparations of chloroplast fragments which gave oxidative 
phosphorylation in the dark when supplied with malic or citric acids 
but did not photophosphorylate. In later work he isolated the particles 
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in presence of ascorbic acid (1955b) and then obtained a preparation 
of larger particles (“whole”’ chloroplasts) which showed ‘‘photo- 
phosphorylation” and no oxidative phosphorylation, and another of 
smaller particles which in light showed photophosphorylation and in 
dark oxidative phosphorylation. He suggested that, since the same 
particles now exhibit both types of phosphorylation it is probable that 
photophosphorylation is simply the addition of photolysis and oxidative 
phosphorylation. However, no evidence was presented to show that the 
preparation of smaller particles was homogeneous. The lack of dark 
oxidative phosphorylation by whole chloroplasts might be attributed 
to inaccessibility of the reaction system (compare the absence of 
cytochrome oxidase activity); the nonrequirement for oxygen of 
photophosphorylation suggests that the oxidized radical resulting from 
photolysis (““OH’’) can terminate the oxidative chain, thus resulting 
in phosphorylation in absence of oxygen. Whether the OH radical 
reacts directly with a cytochrome will be discussed later. 

M. B. ALLEN ef al. (1955) showed that whole chloroplasts would fix 
C¥4O, in the light. The products of this fixation have not yet been 
studied in such detail as have those for photosynthesis but it has 
been shown that radioactivity appears in sucrose and starch. Carbon- 
dioxide fixation and phosphorylation appear to be competitive 
processes, the competition presumably being for the primary reducing 
agent produced from photolysis. In agreement with this view the reac- 
tions can be shown to be differentially inhibited. 

Thus the particulate preparations obtained from leaves are able to 
catalyse the photochemical production of both reducing power and 
phosphate esters. These are the two requirements to drive the bio- 
chemical mechanism proposed by CALVIN and discussed at the beginning 
of this article. Thus the chloroplasts probably contain the whole of the 
photochemical (and perhaps also of the thermochemical) reaction 
mechanism of photosynthesis. 


IX. RELATION OF CHLOROPLAST STRUCTURE TO ACTIVITY 
Unfortunately there has been little attempt to examine with the 
electron microscope the structure of particulate preparations used for 
biochemical observations on chloroplasts. PALADE’s study of the leaf 
of the higher plant (1953) shows the presence of smaller particles in 
addition to the chloroplasts which he calls mitochondria (see Fig. 4). 
The degree of heterogeneity of particles within chloroplast preparations 
is frequently not known; neither is the degree of localization of enzyme 
systems within them. Dr Duve (1955) has made such a study with 
particulate preparations from animal tissue, and has shown a con- 
siderable degree of spatial separation; for example, TPNH—cyto- 
chrome-C reductase has maximal activity in the mitochondrial fraction 
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with some in the microsome (or smaller particles) fraction, whereas 
DPNH—cytochrome-C reductase is maximal in the microsome with less 
activity in the mitochondria. Further the DPNH cyt. C reductase of the 
microsomes is inhibited by antimycin A but that in the mitochondria 
is not. In view of Jagendorf’s findings of the great difference in 
chloroplast activity in oxidation of DPNH and TPNH (1955) an 
investigation of the distribution of activity between leaf particulate 
preparations of differing average size would be of interest. 

Of the enzymic activities shown by the isolated chloroplasts some 
are shown only by so-called whole chloroplast preparations, such 
chloroplasts being obtained by mild grinding in isotonic sugar solutions. 
For example M. B. ALLEN ef al. (1955 1.c.) found that whole chloroplasts 
will phosphorylate and fix radioactive carbon dioxide in light; whereas 
after the chloroplasts were swollen in water (which results in separation 
of the lamellae as shown by Mercer ef al. (1955), the preparation 
retained the ability to phosphorylate in light but lost the ability to fix 
carbon dioxide. The latter activity could be restored by addition of 
certain cofactors together with the water in which swelling had taken 
place. This water extract was inactivated by heating. Hence there 
are differing degrees of ease of extraction or susceptibility to damage 
of the different enzymic constituents. The most stable system is that 
catalysing the photolysis of water. THomas, BLaauw, and Duysens 
(1953) showed that spinach leaf chloroplast fragments no greater than 
100 A in diameter (i.e. the width of a single lamella) still retained some 
50 per cent of the photolytic activity of the whole chloroplast. MILNER, 
KoeEnIG, and LAWRENCE (1950) had previously shown that some 
restoration of activity of preparations of small chloroplast fragments 
was obtained by addition of aggregating agents, e.g. salts of monovalent 
cations. They also showed that loss of lipid material resulted in loss of 
ability to photoreduce dichlorophenol-indophenol. McCLENDON (1954) 
showed with red algae, in which damage of the chloroplasts is easily 
recognizable by leakage of the water-soluble phycobilin pigments, that 
only when these pigments are kept in si/u by the use of high-molecular- 
weight polymers (carbowax) was activity as measured by photoreduc- 
tion of ferricyanide preserved. The grana structure of the chloroplast 
is probably necessary for the photochemistry of photolysis and photo- 
synthesis; the structure of the chloroplast as a whole is not necessary 
for photolysis but is for the complete photosynthetic mechanism. 


X. THe CHLOROPLAST REACTION in vivo 


It appears probable that, built into the laminated structure of the 
chloroplast, there are specific molecules that accept the excitation 
energy of the excited chlorophyll. BassHam and Catvin (1955) have 
proposed that the absorption by chlorophyll of a quantum results in 
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the raising of an electron to a conduction band in which it may migrate 
through the orientated system of chlorophyll molecules. The structure 
must contain some polar character, such as exists at a p-n junction, so 
that electrons diffuse in one direction and the corresponding positive 
charges in the other. The lipid present in the chloroplast is thought to 
play the role of an insulator whilst the carotenoid molecules with their 
conjugated character act as conductors of electrons. Thus a separation 
of charge is attained in light, electrons accumulating at one surface 
and positive charges (‘‘holes’’) at another. The electrons react with a 
chemical substance to form a reducing agent which ultimately reduces 
carbon dioxide; the positive holes react with water to liberate oxygen. 
Such a picture eliminates some difficulties which arise if we attempt 
to postulate a mechanism of reaction between a single chlorophyll 
molecule and water in terms of electron transfer one at a time. 

Two types of mechanism have been suggested for the formation of a 
reducing agent consequent upon the absorption of a light quantum of 
30 to 40 K. Firstly, one may consider that for each quantum one 
electron or hydrogen atom is transferred: to a compound of as low an 
oxidoreduction potential as thermodynamically practicable. Alterna- 
tively, one may suggest a stepwise mechanism by which one quantum 
transfers a number of electrons or hydrogen atoms to an intermediate 
from which they are subsequently transferred to substances of lower 
and lower potential. Ultimately, by either mechanism, a compound 
with a potential at least as low as that of reduced coenzyme (DPNH) 
must be produced. 

BassHAM and CaLvIN (I.c.) proposed a mechanism of the first type 
in which 6-8 thioctic acid plays the role of electron acceptor. This 
compound is known to be present in chloroplasts, and has an oxidation- 
reduction potential slightly nearer that of the hydrogen electrode than 
reduced coenzyme. ‘T'wo experimental results have been quoted to 
support the role of thioctic acid. Firstly, that in light there is little 
incorporation of radioactive carbon dioxide into the tricarboxylic-acid 
cycle intermediates; this is thought to be due to reduction in light of 
thioctic acid, the oxidized form of which is an essential cofactor for 
pyruvic-acid oxidation. Secondly, as mentioned previously, the 
quinone reaction of Scenedesmus is stimulated by addition of thioctic 
acid. Both types of experiment may be interpreted in a different 
manner, and the evidence is not unequivocal. 

The second type of mechanism, in which reducing power is developed 
stepwise, was first proposed by Hit (1939) and later amplified by 
Davenport and Hix (1952) and others. The primary photochemical 
reaction was postulated to result in the reduction of a substance of a 
potential relatively near that of oxygen. By subsequent dismutative 
reactions, reducing power was transferred to another substance of 
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lower potential, the energy for this being derived from the part which 
wa; reoxidized. The hydrogen acceptor in the reoxidation is probably 
the oxidized radical derived from photolysis. Perhaps it is only 
fortuitous, but there are compounds in the green plant whose potentials 
are suited to such a role. The series, oxygen, cytochrome F,, cytochrome 
B6 and coenzyme represent a hydrogen transfer series of approximately 
equal energy steps of the same order as the energy associated with a 
quantum of red light. Wesseis (1954) has suggested that vitamin K 
might be the initial electron acceptor; in this case two electrons could 
be transferred as the result of the absorption of one quantum. If this 
type of mechanism were operative it should in principle be possible 
to isolate partial reactions for which the quantum yield in terms of 
oxygen production would be an integral multiple of that for photo- 
synthesis. 

WaARBURG, KRIPPAHL, SCHRODER, and BucHHOLz (1954) interpret 
some of their observations upon photosynthesis of Chlorella in this way. 
They consider that the photochemical reaction takes place between 
intermediates for which one quantum is sufficient to liberate one mole- 
cule of oxygen, the intermediates being formed in part from the result 
of oxidation in the dark of part of the photochemical product. The 
energy liberated in the dark oxidation is coupled to the photochemical 
reaction making this thermodynamically possible with a_ single 
quantum. 

KAMEN (1955) has proposed a type of mechanism which, although 
of the first type, utilizes one of the cytochromes as intermediate. He 
proposed that the energy of a quantum absorbed by chlorophyll is 
transferred to ferrocytochrome bound within the chlorophyll protein 
matrix. It then transfers electrons which reduce DPN* and reverts to 
the ferro form by reaction with water with the concomitant liberation 
of oxygen. The mechanism postulates that the absorption of a quantum 
results in a loosening of the bonding between the cytochrome and 
protein in such a way that firstly the cytochrome becomes sufficiently 
reducing to reduce DPN*, and secondly that the cytochrome is able to 
oxidize water. Evidence in support of these postulates has still to be 
found. 


XI. SpectTRAL CHANGES IN CELL SUSPENSIONS 
We return now to the discussion as to the form of chlorophyll molecule 
active in photosynthesis. Changes in spectra during photosynthesis 
may be expected to arise from two causes. Firstly, due to changes in 
the state of oxidation-reduction of certain biological compounds whose 
spectrum depends on their state of oxidation, e.g. the cytochromes and, 
secondly, to changes associated with the primary photochemical 
reaction, possibly due to changes in chlorophyll absorption. 
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Differences in spectra have been measured with whole cell suspensions, 
either by comparing the absorption of an illuminated cell suspension 
with that of a dark (i.e. very weakly illuminated) control or by com- 
paring the difference in absorption between two illuminated suspensions, 
one with the wavelength to be investigated and the other with a different 
wavelength for which the absorption change has been previously shown 
to be negligible. The latter technique eliminates scattering effects and 
any physical change due to light. With Porphyridium cruentum 
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Fig. 8. The difference in absorption in light and dark of a cell suspension of 
Porphyridium cruentum plotted as a function of wavelength (continuous line), 
For comparison the difference spectrum for cytochrome F, a cytochrome 


peculiar to the chloroplast of green plants is shown (—— —). (After DuysEns, 


1955.) 


DuyYSENsS (1955) found a difference spectrum which showed a marked 
increase in absorption at 420 mu and a smaller increase at 550 mu. This 
difference spectrum is closely similar to that of cytochrome F and indi- 
cates oxidation of a cytochrome in light. Previously LUNDEGARDH 
(1954) investigated a small-wavelength region between 550 and 570 my 
for Chlorella, and found a peak at 555 mu which might also be due to 
oxidation of cytochrome F. DuyseEns (1954a) made observations with 
Chlorella over a wider range of wavelengths and showed the existence of 
maxima other than those which can be attributed to cytochrome; this 
will be discussed later. He also determined the difference spectrum for 
Rhodospirillum rubrum (Duysens, 1954b). This has been recently 
investigated in more detail by CHANCE and SmiruH (1955). They deter- 
mined the difference spectrum under a variety of conditions. [llumina- 
tion of the bacteria under aerobic conditions produced only small effects, 
but under anaerobic conditions more marked changes were observed, 
similar to those resulting from addition of oxygen. Since Rhodospirillum 
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rubrum does not produce oxygen upon illumination, the effect of 
illumination cannot be attributed to production of oxygen. The 
observed difference spectrum indicates oxidation of cytochrome C2 
(which corresponds to cytochrome F) and also of a cytochrome of the B 
type present in these organisms (VERNON and KAMEN, 1954; KAMEN 
and VERNON, 1955). Illumination in presence of sodium hydrosulphite, 
cyanide, or carbon monoxide, gave the same results as in their absence. 
CHANCE and SmirH postulate that one of the cytochromes acts as an 
oxidase which catalyses reaction between the oxidized radical pro- 
duced photo-chemically from water and cytochrome F. This reaction 
is assumed not to be inhibited by cyanide or carbon monoxide. There 
was evidence that with illumination at certain wavelengths the 
oxidation of the cytochrome was sequential, the band at 430 mu 
appearing first. OLSEN and CHANCE (unpublished) studied the differ- 
ence spectrum of Chromatium, which is a strict photoanaerobe. Here 
there are no complications due to dark oxidation reactions, yet the 
difference spectrum is again consistent with an oxidation in light of 
haematin compounds. The oxidation of cytochromes as shown by the 
various difference spectra is evidence in favour of a mechanism of the 
chloroplast reaction of the first type, i.e. transfer to a powerful 
reducing agent in a single step. 

DuyseEns (1954c) has also investigated the difference spectrum for 
Chlorella in the ultra-violet region. No sharp difference peaks were 
obtained, but the general increase in absorption is not inconsistent 
with the formation in light of DPNH. 

In addition to the 555 mu band observed in Chlorella, DuysENs 
(1954a) observed an additional increase in absorption at 520 mu and a 
decrease in absorption at 480 mu. Wrrr (1955) observed the develop- 
ment of these absorption changes with duration of illumination. Both 
bands show the same time course, an initial phase upon which change 
in temperature has little effect and a second phase which is temperature 
dependent leading to the steady-state difference spectrum observed by 
Dvuysens. The fluorescence time course shows an exact parallelism. 
The changes in absorption are inhibited by inhibitors of photosynthesis, 
e.g. heating to 50°, phenylurethane. Wirr suggests that the difference 
in temperature sensitivity of the two phases indicates that the change 
responsible for the primary phase is purely photochemical (perhaps due 
to chlorophyll) whereas the secondary phase is in part thermochemical. 
Changes in absorption at these wavelengths cannot be attributed, as 
yet, to any known metabolites. It is tempting to assume that they are 
characteristic of some form of chlorophyll. For this reason attempts 
have been made to determine whether there is any change in absorption 
consequent upon illumination in the red region, 680 mu. Any such 
change appears to be of a smaller order of magnitude and is not yet 
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fully established. Thus an understanding of the mechanism responsible 
for the changes at 480 and 520 mw awaits further information. 


XII. CHEMILUMINESCENCE OF CHLOROPHYLL in vivo 
STREHLER and ARNOLD (1951) observed that, immediately after 
illumination ceases, green plants emit light having the same wave- 
length distribution as chlorophyll fluorescence (ARNOLD and Davipson, 
1954). Chloroplast suspensions show a similar effect (STREHLER, 1951). 
The emitted light has an intensity about 1/1,000,000 that of the exciting 
light. It is saturated by exciting intensities of the same order as those 
which saturate photosynthesis; it is inhibited by compounds which 
inhibit photosynthesis. It cannot, therefore, be emission from an excited 
state formed directly by light absorption, but must be associated with 
enzymic reactions. Chlorella cells show a time course for development 
of luminescence which is biphasic, whereas chloroplasts (without added 
hydrogen acceptors) show a progressive increase of luminescence with 
time of illumination up to 30 min. The decay of the luminescence with 
time is complex. After a brief flash, the decay follows a second-order 
reaction form at 6°C; but at higher temperatures the order is more 
complex (1-6 at 16°C) approaching first order at 25°C. After a longer 
flash the decay has an order of reaction of about 1-6. These observations 


have been interpreted in terms of a fast process with a small temperature 


coefficient and a slower process with a higher temperature coefficient. 
The half-time for the fast partial reaction is of the order of 1/100th of a 
second. ARNOLD and his co-workers interpret the luminescence as due 
to reversal of some of the early reactions in photosynthesis in such a 
way that chlorophyll is excited to the singlet state chemically. 


XIII. Summary 

Chlorophyll, when present in the chloroplast, can photocatalyse an 
oxidation-reduction reaction between water and various substances. 
In vitro this can be demonstrated with not too finely fragmented 
chloroplast preparations by addition of such substances as quinone or 
cytochrome. Jn vivo, spectral evidence suggests that in those photo- 
synthetic organisms so far examined cytochrome is oxidized and possibly 
DPN*+ reduced. This is in agreement with the mechanism discussed, 
in which the absorption of a quantum results in the transfer of an 
electron from an excited chlorophyll molecule to some intermediate 
acceptor (possibly thioctic acid). Part of the reduced product is re- 
oxidized via cytochromes to give phosphorylated derivatives, e.g. ATP, 
the remainder together with ATP serving to reduce phosphoglyceric 
acid presumably via reduction of a coenzyme. 

The manner in which excited chlorophyll molecules participate in 
photosynthesis is not yet clear. In organic solution a metastable state 
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has been observed with a half-life of 10-4 to 10-% see. When chlorophyll 
is in situ in the cell, many phenomena are observed indicating some 
intermediate with a half-life of 10-* sec. For example, this period is 
the duration of the dark time for maximal yield of photosynthesis in 
brief intermittent flash illumination and of the Hill reaction under the 
same conditions; it is the dark decay time for the initial spectral 
change observed by Wirt: and it is one of the decay times observed 
with luminescence in vivo. BRADLEY and CaLyIn (/.c.) propose that it 
is the average lifetime of an exciton produced as the result of absorption 
of a quantum in the chlorophyll-containing structure of the chloroplast. 
At suitable sites the exciton gives rise to an electron and positive 
these respectively initiate the carbon-reduction and oxygen- 


hole ; 
evolving reaction sequences which together constitute the photo- 


synthetic mechanism. 
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